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ABSTRACT 
Polymict peridotites are a rare and exceptional suite of mantle xenoliths found in kimberlites. 
They are composed of a variety of upper mantle fragments (clasts) embedded in a matrix 
showing similarities to some modal metasomatic mineral assemblages seen in other mantle 
xenolith suites. These features of the polymict xenoliths indicate deformation, fragmentation 
and transportation of the mantle rocks in a partial (within mantle) eruption event associated 
with melt (magma) from which the matrix minerals also crystallised. Thus the polymict 
rocks provide an opportunity to study a combination of mantle processes involving 
deformation, melt infiltration, melt-rock reaction and chemical zoning of minerals. The aim 
of this thesis is to document the petrography and chemical variation within and between 
polymicts, and elucidate their conditions of formation and the composition of the melt that 
interacted with them. 
Olivine and orthopyroxene with smaller amounts of garnet dominate the mineralogy of the 
'clastic' fragments. The matrix assemblage largely consists of phlogopite and ilmenite with 
a lesser proportion of orthopyroxene and, rarely, garnet. The cores of individual fragmented 
mineral grains exhibit an extensive range of major-minor element compositions compatible 
with derivation from various mantle peridotites, eclogites and megacrysts. In contrast, the 
rims of specific mineral phases often converge on common compositions, which may also be 
found in matrix phases. Thus the rims appear to be overgrowths around the original 
fragmental grains and represent crystallisation products from the melt transporting the 
fragments. The polymict matrix shows similarities of mineral assemblage and composition 
to the ilmenite-rutile-phlogopite-sulphide (IRPS) metasomatic suite documented in mantle 
peridotites from Matsoku and elsewhere. The polymict xenoliths therefore provide evidence 
that the melt type responsible for this metasomatism, is widely distributed though of 
presumably very small volume. 
Trace element compositions show more complex patterns of variation than the major-minor 
elements. Some convergence of rim matrix compositions is seen in some phlogopites, but 
the orthopyroxenes show a scatter of compositions suggestive of highly localised 
crystallisation and perhaps partial reequilibration. In the one case showing matrix garnet, the 
garnet rim and matrix trace element compositions are similar, and the rims of orthopyroxene 
and phlogopites also show convergence. The trace element compositions from this particular 
polymict are therefore considered to be unequivocally indicative of the matrix melt 
composition. A new set of mineral-melt partition coefficients derived from the Matsoku 
suite of xenoliths are used to calculate the trace element composition of the melt which 
interacted with this polymict peridotite. This melt is similar to that of a kimberlitic melt. 
Calculated models show that fractionation of small amounts of garnet and larger amounts of 
orthopyroxene and phlogopite from a melt of megacrystic composition produces a melt 
similar to that which interacted with the polymicts. Such fractionation is wholly consistent 
with the silicate minerals forming the matrix in the polymict xenoliths. It is concluded that 
the melt interaction and crystallisation phenomena seen in polymict peridotites show a link 
between megacryst and kimberlite melts, particularly type II kimberlites. 
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Chapter 1 	 Introduction 
CHAPTER 1: INTRODUCTION 
Polymict peridotites are an exceptional suite of mantle xenoliths recovered from kimberlites 
in the Kimberley area of South Africa. Eleven xenoliths have been recovered, mainly from 
the Bultfontein mine dump, Kimberley although one (JiG 513) was found on the De Beers 
mine dump. 
Polymict peridotites have breccia-like characteristics and contain rock and mineral fragments 
(sometimes referred to as clasts) usually consisting dominantly of olivine and orthopyroxene. 
These peridotite clasts are variable in nature (polymict), but clearly appear to be of upper 
mantle origin, and they are embedded in a very variable matrix rich in phlogopite together 
with other silicates, ilmenite, rutite and sulphides. The silicate minerals formed in, or 
apparently in, equilibrium with the matrix include orthopyroxene and garnet; whilst 
plagioclase and aluminous spinel are absent. The mineralogy of the matrix therefore 
indicates an origin within the garnet-bearing peridotitic mantle, with the matrix representing 
a metáomatic fluid (Lawless etal., 1979), which might be a melt (e.g. Harte et at, 1993). It 
therefore appears that a deformation or partial eruption event has caused both the 
juxtaposition of the clasts, and crystallisation of the matrix, wholly within the garnet 
peridotite facies mantle. The consolidated polymict rocks were later sampled and 
transported to a near-surface environment by a kimberlite intrusion which might be much 
younger than the polymict-forming event. The polymict rocks provide an excellent 
opportunity to study aspects of deformation, fluid/melt infiltration and metasomatism within 
the upper mantle. 
Previous work on these xenoliths has mainly been limited to petrographic and electron 
microprobe investigations, undertaken by Lawless (1978), Lawless et al. (1979), Wyatt and 
Lawless (1984) and Baumgartner (1991). Zhang et al. (2000) report the results of oxygen 
isotope analysis on four of the xenoliths. Table I gives a brief macroscopic description of 
the polymict peridotites and references to previous work undertaken on each xenolith. The 
detailed study of polymict peridotites in this thesis has built around this previous work on the 
polymict peridotites as well as the many studies of the variety of deformed and 
metasomatised peridotite xenoliths and megacrysts found in kimberlites. It has attempted to 
address the following specific questions: 
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I. To what extent do the clasts (mantle rock fragments) vary within individual polymict 
xenoliths and is it possible to infer particular depths (or P-T conditions) of origin for the 
clasts? 
How common is chemical compositional zoning of the minerals forming clasts and how is 
this zoning expressed in terms of mineral compositions (major, minor, trace element)? 
Where zoning of mineral compositions occurs, does it appear to be diffusional in origin or is 
it due to overgrowth, or a combination of both processes? 
How did peculiar intergrowths of clinopyroxene and orthopyroxene, which occur in many 
polymict xenoliths, arise? 
Is it possible to make connections between the chemical zoning of clasts and the minerals 
occurring in the matrix between clasts? 
Is there a direct relationship between the melt and some of the large crystals (megacrysts) 
within the polymicts (i.e. did megacrysts found in the polymicts crystallise directly out of the 
fluid or were they transported in the same way as the upper mantle clasts)? 
Do observations made under (4) support the hypotheses that melt-mineral interaction and 
melt crystallisation are involved in formation of the polymict rocks? 
How many pulses of fluid/melt have affected the rocks? 
What do trace element compositions indicate for the nature of the matrix fluid/melt and its 
relationship to other known in-situ mantle melts (e.g. megacryst magma melt; metasomatic 
melts; kimberlitic or lamproitic melts)? 
The following eight chapters document the research performed in order to find answers these 
questions. Chapter 2 explores previous work on the subcratonic mantle and its xenoliths, 
including the polymict peridotites. Chapter 3 provides an extensive review of the 
petrography of several polymict peridotites. Major element chemistry of the phases in the 
polymicts is documented and considered in Chapters 4 and 5, where the results of EMPA 
spot analysis, automated line traverses and x-ray maps are discussed and linked to the 
petrographic observations made in Chapter 3. Chapter 5 focuses on comparisons with other 
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xenolith suites. Trace element analysis of selected grains has been performed and the results 
are shown in Chapter 6. Attempts to interpret the trace element data involve the 
petrographic and major element data in the previous chapters. Chapter 7 defines a new set of 
mineral-melt partition coefficients from the Matsoku suite of garnet peridotite and 
metasomatic xenoliths, which show many features of mineralogy in common with the 
polymict peridotites. The partition coefficients are used in Chapter 8 to investigate the 
composition of the metasomatic fluid/melt and its evolution and comparison with other 
fluid/melts. The conclusions of this complete study are summarised in Chapter 9, presented 
in point form in answer to the above questions. Finally a model for the petrogenesis of 
polymict peridotites is suggested. 
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Table I Catalogue of polymict peridotite xenoliths with brief descriptions and references to previous 
work 
Sample Description Previous work 
Number  
BD 344 Granular rock with intergranular Zhang et al. (2000) 
fine-grained olivine, secondary 
phlogopite and small ilmenites 
(Zhang ci at, 2000).  
BD 2394 Variable clast size, reasonable Lawless (1978); Lawless et al. (1979); 
proportion of fine-grained Wyatt and Lawless (1984); Zhang et 
groundmass. al. (2000). 
BD 2666 Extensive ilmenite 'lammellae' Lawless (1978); Lawless etal. (1979); 
and small clast size. Wyatt and Lawless (1984); Zhang et 
al. (2000). 
JJG 513 Small clasts, small ilmenite blebs Lawless (1978); Lawless ci at (1979); 
and little groundmass. Wyatt and Lawless (1984). 
JJG 1414 Porphryoclastic. Extensive Lawless (1978); Lawless ci at (1979); 
groundmass consisting of Wyatt and Lawless (1984); Zhang ci 
neoblastic olivine. al. (2000). 
JJG 2115 Large clast size, small ilmenite Baumgartner (1991). 
blebs, little groundmass. 
JJG 2419 Large intact peridotite fragments. 
Extensive phlogopite in the 
groundmass. 
JJG 6011 Extensive ilmenite 'lammellae' 
and small clast size. 
0B3 Large clasts, large ilmenite blebs, 
little groundmass. 
LM 1 Large clasts, large ilmenite blebs, 
little groundmass. 
173/33/1 XM2 Porphryoclastic. Extensive 
(subsequently groundmass consisting of 
referred to as neoblastic olivine. 
XM2)  
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CHAPTER 2: THE NATURE OF THE SUBCRATOMC MANTLE 
2.1 INTRODUCTION 
Relative to its large size, the proportion of mantle available for direct study at the surface of 
the Earth is minute. The broad structure of the mantle has been defined with the use of 
seismic boundaries which largely appear to relate to phase changes in a dominantly 
peridotitic or pyrolitic composition (Irifine and Ringwood, 1987). A more refined structure 
of the top 200 km of the upper mantle has been derived from the study of xenoliths 
recovered from basalts and kimberlites. The depth relations of these xenoliths are 
investigated with the application of thermobarometry (e.g. Boyd, 1973; McKenzie, 1979). 
The upper mantle extends from the base of the crust to a depth of approximately 660km 
(Ringwood, 1975). Of this, the continental mantle lithosphere varies considerably in 
thickness but ancient continental (cratonic) lithosphere is commonly considered to be 
approximately 200 km thick (McKenzie, 1979; Harte and Hawkesworth, 1989), though 
suggestions of thicknesses of 300 km or more have been made (e.g. Jordan, 1979). The 
boundry between the lithosphere and the underlying asthenosphere is marked by the onset 
of convection (McKenzie and Richter, 1976). continental cratons are intruded by a range of 
ultra-potassic magma types, the most important of which are kimberlite and lamproite. 
These highly volatile-rich magmas erupt and bring with them a large range of materials 
which originated in the upper mantle, including xenoliths and diamonds (Sobolev, 1977; 
Eggler etal., 1979; Gurney and Harte, 1980; Dawson, 1980). 
The upper mantle is composed mostly of rocks of peridotite chemical composition with 
lesser proportions of compositions equivalent to websterites, pyroxenites and eclogites 
(Gurney and Flarte, 1980; Dawson, 1980; Harte, 1983). The mantle sample recovered from 
kimberlites is biased towards lithospheric mantle lithologies. This lithospheric mantle 
assemblage is similar to that found as fragments in polymict peridotites. However, the 
polymict xenoliths do not include clasts from the crust or the uppermost mantle. 
This chapter describes kimberlites and the upper mantle rock fragments and minerals they 
frequently bear. Consideration is given to geothermobarometry procedures and the 
relevance they have to this study. The process of metasomatism is discussed in detail and 
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the various mantle models that have been proposed are summarised. Finally a review of 
previous work on polymict peridotites is given. 
2.2 KIMBERLITES AND LAMPROITES 
Kimberlites and lamproites are ultra-potassic, volatile-rich, alkaline igneous rocks. They 
erupt at the surface and can bring with them a variety of crustal and mantle fragments. They 
are occasionally diamondiferous and as such have received considerable attention. Major 
kimberlite and lamproite fields occur in Australia, Canada, USA, Greenland, Siberia, Brazil, 
northern Scandinavia and southern, western and central Africa (Dawson, 1980; Mitchell, 
1995). There have been many classifications of kimberlites on the basis of macroscopic 
appearance, petrography and isotope signatures (Mitchell, 1995). Smith et al. (1985b) and 
Skinner (1986, 1989) proposed the division of kimberlites into two groups, Group land 
Group II, on the basis of differences in their distribution patterns, age, petrography, content 
of mantle-derived xenocrysts, xenoliths and megacrysts, isotopic character and whole rock 
geochemistry. It was noted by Skinner (1989) that the petrographically and isotopically 
defined Group JI kimberlites are found only in southern Africa, whereas Group I kimberlites 
are found throughout the world. 
A large amount of work has been done to characterise the mineralogy and geochemistry of 
the Group II kimberlites (e.g. Fraser et al., 1985; Fraser, 1987; Dawson, 1987; Mitchell and 
Meyer, 1989a; Skinner, 1989; Tainton and Browning, 1991; Tainton, 1992; Fraser and 
Hawkesworth, 1992; Skinner ci al., 1994; Tainton and McKenzie, 1994; Mitchell, 1994a). It 
has become obvious that the Group I and 11 kimberlites are mineralogically and 
geochemically quite distinct. The Group II rocks have more affinities to the more Si, K and 
Ti-rich lamproites than to Group I kimberlites. Group II kimberlites are ultrapotassic, 
peralkaline, volatile-rich (dominantly 1-120) rocks, characterised by the presence of 
phlogopite macrocrysts and microphenocrysts together with groundmass micas. Group I 
kimberlites are a set of volatile-rich (dominantly CO 2), potassic, ultrabasic rocks commonly 
exhibiting a distinctive inequigranular texture resulting from the presence of macrocrysts 
(and in some cases, megacrysts) set in a fine grained matrix. Investigations of the trace 
element geochemistry of Group II kimberlites (e.g. Fesq etal., 1975; Kable etal., 1975; 
Mitchell and Brunfelt, 1975) has established that these rocks are richer in many incompatible 
elements compared to the Group I kimberlites and have highly fractionated REE distribution 
patterns. This led to the first suggestion by Kable et al (1975) that the two groups are 
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derived from mineralogically different mantle sources. This conclusion was later supported 
by the isotopic studies of Smith (1983) and Smith et al. (1985b) who concluded that the 
isotopic Group II rocks originated from lithospheric sources, whereas the isotopic group I 
rocks were derived from asthenospheric-like sources. Mitchell (1991a,b, 1994a) has also 
suggested that Group 1 and Group II kimberlites are derived from genetically distinct 
parental magmas. The major element chemistry of Group land 11 kimberlites is very similar, 
although Group I kimberlites are extremely high in Ti whereas Group II are richer in K 20. 
Mitchell (1995) proposes that Group II kimberlites are renamed 'orangeites' on the basis of 
their fundamental differences to the Group I kimberlites. This term has not been sanctioned 
by the JUGS Subcommission on the Systematics of Igneous Rocks and therefore will not be 
used in this thesis. 
2.3 UPPER MANTLE ROCK AND MINERAL FRAGMENTS 
2.3.1 Peridotites 
Peridotites are olivine-rich rocks typically containing pyroxenes and subordinate amounts of 
an alum inous phase. The aluminous phase maybe plagioclase at shallow levels, changing 
to spinel and then garnet with increasing pressure. Figure 2.1 shows the IUGS nomenclature 
of ultramafic rocks. The official definition of peridotite is a rock composed of at least 95% 
olivine and pyroxene, with olivine accounting for at least 40% of the modal mineralogy. The 
dominant peridotite types are lherzolite (ol + opx + cpx) and harzburgite (ol + opx). 
Wehrlites (ol + cpx) and dunites (90% ol) are less common. 
Peridotite xenoliths have been classified on the basis of their texture, mineralogy, chemistry 
and pressure and temperature of equlibration. The primary subdivision of mantle peridotite 
xenoliths is based on their texture and the presence/absence of modal metasomatism (see 
Harte, 1983) (figure 2.2). Modal metasomatism is further discussed in section 2.5. The two 
main textural types are coarse and deformed; a third, granuloblastic type being rarely seen 
(Harte, 1977). The kimberlite xenolith record is dominated by coarse peridotites. Coarse 
xenoliths display a texture lacking porphyroclasts and which is predominantly formed by 
mineral grains 2 mm or greater. Mineral grain boundaries may be straight, smoothly curved 
or less regular. The coarse texture represents rocks which are relatively undeformed though 
they often show slight evidence of strain through undulose extinction/kink banding (Harte, 
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1977). Coarse peridotites are equivalent to the 'granular' peridotites described by Nixon and 
Boyd (1 973a) and Boallier and Nicolas (1975) who proposed a cumulate origin for some of 
these xenoliths. 
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Deformed peridotites are widespread but less abundant in the kimberlite record (Harte, 
1983). To be classified as 'deformed', a xenolith should have undergone sufficient strain 
that substantial recrystallisation has occurred and porphyroclasts may be identified (Harte, 
1977). Typically, olivine is the most susceptible mineral to deformation and recrystallisation 
in the peridotites. However, orthopyroxene porphyroclasts can also show strain and partial 
recrystallisation, whilst this is less common in clinopyroxene and garnet. Deformed 
peridotite xenoliths nearly always show higher pressure-temperature of equilibration than 
coarse xenoliths and appear to represent a deeper part of the mantle section (Boyd and 
Nixon, 1973; Harte, 1983; McKenzie, 1989). 
Major element analyses have been undertaken on many peridotite xenoliths. Coarse 
peridotites have been shown to have more depleted compositions in major elements, from 
both bulk xenolith and constituent mineral compositions, than deformed xenoliths. Bulk 
rock Mg numbers (MgJ(Mg+Fe)) of peridotites from Lesotho kimberlites were used by Boyd 
and Nixon (1973) and Nixon and Boyd (1973a) in order to distinguish between the two 
textural types. Mg/(Mg+Fe) ratios were found to be higher for coarse peridotites. Deformed 
peridotites have higher Al, Ca, Fe, Na and Ti and lower Mg and Cr contents than coarse 
peridotites. Mineral grain analyses have also been studied by Nixon and Boyd (1973a) to 
provide a more reliable picture of mantle chemistry (i.e. one which is unaffected by late 
stage alteration). These show that olivine and orthopyroxene mineral grains in coarse 
peridotites have a higher Mg content than in deformed peridotites, although Dawson (1980) 
has debated the orthopyroxene differences. 1-larte (1983) has divided the xenoliths in terms 
of the Mg number of olivine with the divide between Mg and Fe rich xenoliths at a value of 
0.91. He views this as the transition between compositions which may be in equilibrium 
with primitive melts (<0.91, fertile) and those associated with peridotites which are clearly 
depleted in basaltic compositions (>0.91, infertile) due to melt extraction. 
Experimentally calibrated geothermometers and barometers prove a mantle origin for 
peridotites in kimberlites. The application of these techniques, which are described in 
section 2.4, has revealed the occurrence of a low temperature peridotite suite and a high 
temperature peridotite suite. Cold, coarse, relatively infertile peridotites predominantly 
record temperatures between 900 and 1050 °C which is equivalent to depths of between 120 
and 170 km. More fertile, hotter, deformed peridotites mainly record high pressures and 
temperatures equivalent to deeper levels of 180 down to 210 km. An inflection in potential 
mantle geotherms has been inferred at depths between these two major groups (Boyd, 1973) 
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but there has been considerable discussion about the accuracy of the P-T estimates and the 
reality of the geotherm inflection. This is discussed further in section 2.4. 
2.3.2 Eclogites 
Eclogites are generally rare in the kimberlite sample relative to the peridotite suite xenoliths. 
They are mineralogically defined as rocks composed predominantly of pyrope-almandine 
garnet and omphacitic clinopyroxene. Attempts to classify eclogites on the basis of their 
petrography include the Group/Type and 2 classification of MacGregor and Carter (1970) 
and Hatton (1978). Later classification schemes have considered chemical criteria. For 
example, the ABC classification of Shervais etal. (1988) and the Type land II classification 
of McCandless and Gurney (1989). Eclogite formation has been the subject of much debate. 
There are two major classes of thought on this matter, that eclogite xenoliths either represent 
metamorphosed subducted oceanic crust (e.g. Jagoutz et al., 1984; Macgregor & Manton, 
1986; Jacob and Jagoutz, 1994)) which may have experienced partial melting (Rollinson, 
1997; Ireland etal., 1994); or that they have originated in the mantle (e.g. O'Hara and 
Yoder, 1967; Macgregor & Carter, 1970; Hatton, 1978; McDade,1.999). 
2.3.3 Megacrysts 
Megacrysts are large (>1cm), single crystals which usually occur as rounded, although often 
fractured grains. They have been recovered from a variety of alkalic rocks as well as 
kimberlites but for the purpose of this discussion, only those described from kimberlites have 
been considered. There are several suites of megacrysts - Cr-poor, Cr-rich, exsolved 
pyroxenes, phlogopites and Granny Smiths. The Cr-poor suite is the most important and 
abundant of these. It consists of ilmenite, clinopyroxene, orthopyroxene and garnet 
megacrysts with subordinate olivine and phlogopite. Cr-poor megacrysts have been 
described from northern Lesotho (Nixon and Boyd, 1973b), Colorado and Wyoming (Eggler 
etal., 1979), Kentucky (Schulze, 1984) and many southern African pipes. One of the most 
extensive suites has been recovered from Monastery Mine (Gurney etal., 1979; Moore, 
1986). The Cr-rich suite consists of olivine, orthopyroxene, clinopyroxene and garnet. 
These appear to be restricted to the kimberlite pipes in Colorado and Wyoming. Phlogopite 
megacrysts may be related to the Cr-poor suite or they may represent portions of 
disaggregated peridotites (Dawson, 1980). The Granny Smiths are diopside megacrysts of a 
distinctive green colour and these are similar to the Cr-rich suite (Schulze, 1987). 
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Megacryst chemistry has also been investigated. Cr-poor megacrysts are richer in Fe and Ti 
and lower in Cr than coarse peridotite xenoliths and show more similarities to the deformed 
peridotite xenoliths (Nixon and Boyd, 1973; Harte, 1983). They show a wide variation in 
MgI(Mg+Fe) numbers and their Ti content tends to increase as Mg decreases. Furthermore 
as CaJ( a+Mg) increases, and therefore temperature decreases, the MgI(Mg±Fe) ratio in 
clinopyroxene megacrysts decreases. The compositional variations within megacryst suites 
are consistent with crystallisation from fractionating melts (e.g. Gurney et al., 1979) and in 
some cases, study of extensive megacryst suites has recognised several potential 
fractionation suites (e.g. Moore, 1986; De Bruin, 1991). The Cr-rich megacrysts tend to have 
compositions which are almost identical to mantle peridotites and compared to Cr-poor 
megacrysts, are enriched in Cr and Mg and contain less Ti. They also display a constant 
MgJ(Mg+Fe) ratio with changing temperature which is thought to be caused by buffering due 
to contamination by peridotite wall rocks (Harte, 1983; Schulze, 1987). 
The source of megacrysts is somewhat enigmatic and several theories have been proposed 
for their formation. These theories include crystallisation from deep seated melts, either as a 
crystal mush in the low velocity zone (Nixon and Boyd, 1973b) or as phenocrysts in a 
fractionating magma chamber (Harte and Gurney, 1981'); crystallisation in veins related to 
generation of the host kimberlite (Smith et al., 1995) and simple disaggregation of very 
coarse xenoliths (Dawson and Smith, 1986). These theories are further considered with 
respect to mantle structure in section 2.6 and also more specifically in Chapter 7. 
2.4 GEOTRERMOBAROMETRY 
Pressure - temperature calculations of mantle xenoliths have largely been limited to garnet-
bearing harzburgites and lherzolites since a lack of discontinuous and continuous mineral 
reactions means that elucidation of pressure relies solely on the determination of the 
solubility of alumina in orthopyroxene in equilibrium with garnet. Temperatures of 
equilibration for peridotites are usually calculated from the clinopyroxene-orthOpyroxene 
solvus (Boyd, 1973; Bertrand and Mercier, 1986; Finnerty and Boyd, 1987; Brey and 
Kohler, 1990). Mg-Fe exchange between garnet-olivine (e.g. O'Neill and Wood, 1979), 
garnet-orthopyroxene (e.g. Harley, 1984a) and garnet-clinopyroxene (e.g. Ellis and Green, 
However, due to the problem of 
calculation of the ferric iron content of minerals, particularly from electron probe data, 
1979) can also be used for the calculation of temperatures. 
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Finnerty and Boyd (1987) recommend the use of Mg-Fe exchange thermometers only in 
rocks where two pyroxene thermometry is impracticable (e.g. in garnet harzburgites). 
Boyd (1973) used an alumina enstatite barometer and a two-pyroxene thermometer to show 
that the origin of peridotite xenoliths was in the mantle and showed evidence of an inflected 
xenolith geotherm for the distribution of peridotites with depth. This distinguished two main 
pressure-temperature regions - high temperature (1150 - 1450°C, 180 -210 km) and low 
temperature (900- 1050 °C, 120- 170 km). Deformed (sheared) xenoliths are almost 
entirely restricted to the high temperature group whereas coarse (granular) xenoliths only 
occur in the low temperature group. A general feature of many xenolith-derived geotherms 
is that they suggest that the mantle has not been sampled uniformly at all depths by the 
kimbe?lite. There is often a well defined gap between low and high temperature groups in 
pressure-temperature space (Boyd, 1973; Harte, 1983; Finnerty and Boyd, 1987). Due to the 
study being based on garnet lherzolite, Finnerty and Boyd (1987) suggested that this could 
reflect a mantle region being dominated by harzburgite rather than lherzolite. Some more 
recent studies (e.g. McKenzie, 1989; Brey and Kohler, 1990; Burgess, 1997) show less 
evidence of the proposed gap. The location of the potential gap also commonly represents 
the region of the mantle which is inferred to show the inflection in the geotherm represented 
by the high temperature group. The inflected geotherm, however, is controversial. 
Arguments about the validity of pressure-temperature estimations impact hugely on the 
evidence for an inflection and at present much research does not agree (see Finnerty and 
Boyd, 1987; Carswell and Gibb, 1987; McKenzie, 1989; Brey and Kohler, 1990). McKenzie 
(1989) calculated a geotherm based on the P, T estimates of nodules from kimberlites 
erupted through the Kaapvaal Craton. The discontinuity in the temperature gradient 
determined from nodule chemistry in Boyd's (1973) work is not obvious in McKenzie's 
(1989) geotherm, although the P. T estimates are essentially the same in the two studies. 
McKenzie (1989) concludes that the appearance of an inflection in Boyd's (1973) work 
results from his use of a curved conductive geotherm. The evidence for such curvature is 
limited in the nodule data in figure 2.3 and McKenzie (1989) points out that geophysical 
considerations (see also McKenzie and Bickle, 1988) demand a geothermal profile with a 
transition from a conductive to convective situation across the mantle lithosphere- 
asthenosphere boundary. 
Pressure and temperature estimations for Cr-poor megacrysts have been determined for 
megacrysts from the Lesotho kimberlite pipes by Nixon and Boyd (1973b). They were 
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determined for pyroxene on the assumption that the megacrysts originated in the equilibrium 
assemblage clinopyroxene + enstatite + garnet. For the Lesotho series of pipes, megacryst 
pressure-temperature conditions defined a geotherm which is almost identical to the 
deformed xenoliths from the same pipes with ilmenite at the low temperature end. The depth 
range of megacrysts from any one pipe may be extremely limited (e.g. Nixon and Boyd, 
1973b; Gurney ci al., 1979; Hops et at, 1992). 
depth (kin) 











mechanical 	 ,4thermal, 	interior 
o/ I 
P (GPa) 
Fig 2.3 Mantle geotherm of McKenzie (1989) as calculated from nodules recovered from kimberlites 
intruded into the Kaapvaal Craton. 
2.5 METASOMATISM 
Common usage of the term metasomatism follows Goldschmidt (1922) who emphasizes the 
importance of both the introduction of chemical components and the reactions between the 
infiltrating substances with the pre-existing minerals of the rock. Xenoliths can show 
evidence of textural, mineralogical and/or chemical change. Change due to the interaction of 
solid mantle with metasomatic fluid is used to explain a wide variety of these features, 
including chemical zonation of mineral grains and the introduction of new phases into 
mantle xenoliths. Dawson (1984), Harte (1983, 1987), the collection of papers in Menzies 
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and Hawkesworth (1987), Harte and Hawkesworth (1989) and Harte et aL (1993) provide 
reviews of nietasomatic features in kimberlite-derived mantle xenoliths. 
The nature of metasomatic fluids has been controversial. They have been indicated to be 
silicate melts, carbonate melts, volatile-rich 'vapours' (fluids) or some combination of these. 
However, in many papers the exact nature of the metasomatic fluid remains undefined, 
whilst in others there seems to be an implication that use of the term 'metasomatic' means 
that the fluid is not a melt - this usage of the term is disputed by Harte (1987). Although 
some authors assume that metasomatic fluids are not silicate melts, the importance of 
considering melt infiltration into peridotites in small volumes has been stressed by 1-larte 
(1983, 1987), Harte et aL (1993) and McKenzie (1989). 
Important constraints on the nature of potential metasomatic fluids include the potential 
repositories available for volatile components. A summary of the likely fluids/melts present 
in equilibrium with peridotite with changing depth in the mantle is given in figure 2.4 (after 
Wyllie, 1987). If melts are present, no separate volatile-rich vapour should be present 
because of the large solubilities of volatiles in the melts (Eggler, 1987; Wyllie, 1987). 
Therefore, in assessing the nature of possible metasomatic fluids, it is important to consider 
the position of the peridotite solidus and the geotherm and the existence of mantle derived 
partial melts. The presence of volatile components themselves will have a significant effect 
on the temperature at which peridotite melts. This temperature is also dependent on the rock 
type, harzburgites having a greater solidus temperature than lherzolites (Wyllie, 1987). 
Schneider and Eggler (1986) have considered the relative solubility of elements in the 
possible metasomatic fluids. Volatile-rich vapours are found to be inefficient metasomatic 
agents due to the lack of solutes they can carry. Elements are more soluble in H 20-rich 
fluids but these are dominated by quartzofeldspathic components. Trace elements are 
incompatible in volatile-rich fluids though the REE are compatible in CO 2-rich fluids. 
Schneider and Eggler (1986) and Eggler (1987) suggest that differences in buffering 
capacities of shallower peridotites may be an important control for metasomatism. Below 
the stability field of amphibole, where fluid is buffered by carbonate and phlogopite to H 20-
rich compositions, fluid expelled by volatile-rich melts may leach solutes from the host 
peridotite. When the fluid reaches the amphibole stability field, the precipitation of 
amphibole and a change in fluid chemistry to more CO 2-dominated components may cause a 
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Carbonate -Hornblende - Peridotite 
(vapour CO 2 rich) 
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Fig 2.4 Schematic vertical section of the mantle showing the distribution of volatiles in mantle phases. 
After Wyllie (1987). 
"zone of enrichment" in the mantle, which may form a reservoir for trace elements. In 
contrast, melts are very efficient solvents for all elements and therefore make more effective 
metasomatic agents. Evidence of volatile metasomatism maybe swamped by melt 
metasomatism effects. Schneider and Eggler (1987) suggest basaltic melts are the cause of 
modal and Fe-Ti metasomatism, whilst nephelinite or carbonatite melts are the cause of 
carbonic metasomatiSm (enrichment in LREE, U, Pb, P. alkalis and alkaline earth elements). 
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Three main types of metasomatism are suggested by Harte (1983,1987), on the basis of the 
changes in mineralogy and chemical composition observed in mantle xenoliths: 
Modal metasomatism 
Modal metasomatism refers to modifications in the bulk chemistry of a peridotite which are 
accompanied by a change in the modal proportions of minerals present and are commonly 
accompanied by introduction of a new mineral (e.g. phlogopite, ilmenite, amphibole). 
Typically, there are changes in major, minor and trace element composition. This type of 
metasomatism is characterised by a range of structural and textural features - cross-cutting 
veins, patches and disseminated grains of newly introduced minerals. Harte etal. (1993) 
record three important associations present in peridotite xenolith suites from South Africa 
which show modal metasomatism. These are shown in Table 2. 
Enrichment in major, minor and trace elements in the absence of modal metasomatism 
Gurney and Harte (1980) and Harte et al. (1987) describe wall rocks adjacent to pyroxenite 
sheets in Matsoku coarse xenoliths, which are low in Mg and high in Ti compared to 
common coarse xenoliths in which pyroxenite intrusive sheets are absent. This element 
enrichment represents a process of chemical infiltration in which no new phases are grown 
and any change in the proportions of pre-existing minerals are hard to detect in normal 
optical textural examination. The establishment of this type of metasomatism requires the 
presence of both chemically unmodified and chemically modified rocks or portions of rocks 
(Harte, 1987). This type of metasomatism appears to have commonly affected deformed 
mantle peridotites (Ehrenberg, 1982a, b; Gurney and Harte, 1980; Harte, 1983; Smith and 
Boyd, 1987; Griffin ci' al., 1989b; Burgess and Harte, 1999). 
Isolated trace element enrichment (cryptic metasomatism) 
Isolated trace element enrichment is defined by the enrichment of peridotites in trace 
elements (particularly REE) without any other changes. An increase in LREE is commonly 
found in coarse xenoliths which are relatively depleted in terms of major and minor element 
chemistry and, therefore, show decoupling of major and trace elements (Shimizu, 1975), 
which is attributed to metasomatism by fluid infiltration (Dawson, 1984). CO 2-rich fluids 
are often considered good candidates for the transport of LREE, but specific evidence is 
lacking for this phenomenon in kimberlite-hosted xenoliths. McKenzie (1989) showed that 
very small amounts of LREE-enriched melts could move through significant volumes of 
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Table 2 Modal metasomatic associations (reproduced from Harte et al., 1993) 
Erupting Host Principal metasomatic minerals in 	Associated dykes and veins at 
Kimberlite 	biotite, K-richterite, clinopyroxene, K-Ba- MARID' suite dykes and 
titanates, ilmenite, rutile, apatite, zircon 	biotite-richterite veins 
(MARID 1 type) 
Kimberlite 	ilmenite, rutile, biotite, sulphides, 	opx- and cpx-rich dykes and 
clinopyroxene, garnet (Matsoku or IRPS 2 	veins (with garnet and IRPS 2 
type) 	 minerals) 
Kimberlite 	edenite, biotite, clinopyroxene 	 rare zones rich in cpx and/or 
(Jagersfontein type) 	 amphibole and/or biotite 
MARID - mica-amphibole-rutile4lmenite-diopside  
2  IRPS - ilmenite_rutilephlogopiteSulPhide 
mantle lithosphere. Flarte et al. (1993) suggested that LREE enrichment in coarse xenoliths 
was possibly due to progressive evolution of metasomatic melts as they move up through the 
lithosphere. The LREE budget of mantle peridotite is usually dominated by clinopyroxene 
and so it is in this phase that the isolated trace element is usually most apparent. However, 
the extreme LREE enrichment may also give rise to distinctive humped REE patterns in 
garnet (Shimizu and Richardson, 1987; Hoal €1 al., 1994; Burgess, 1997). It should be 
emphasized that LREE enrichment is seen in most forms of metasomatism - it is a question 
of the extent to which it is accompanied by modal or major-minor element changes that 
distinguish various types of metasomatism. 
2.6 MANTLE MODELS 
The mantle is composed of four major domains - oceanic mantle lithosphere, continental 
mantle lithosphere and the convecting upper mantle and convecting lower mantle. All the 
mantle domains are largely peridotitic in character. The extent to which the convecting parts 
of the mantle are in communication is widely debated but these four domains are physically 
distinct units with differences in their physical and chemical properties as well as in their 
age, structure and tectonic behaviour. Each domain potentially provides material for 
magmatic rocks and, therefore, the geochemical features of magmas may be associated with 
particular domains. For example, the convecting upper mantle can be identified as the 
source of most of the geochemical features of Mid Ocean Ridge Basalts (MORB) whereas 
the convecting lower mantle is equated by many authors with the primitive/bulk Earth 
geochemical reservoir (e.g. Hofmann, 1984,1997; O'Nions, 1987). Subducted oceanic 
lithosphere adds complexity to the geochemical structure of the deeper mantle. 
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The mineralogy of the polymict peridotites suggests a set of processes which might be 
occurring in the middle-lower part of the mantle lithosphere, commonly represented by a 
spectrum of coarse and deformed peridotites and megacrysts. Three mantle models are 
illustrated in figure 2.5 (after Harte, 1983) for this lower lithosphere section beneath cratons. 
Figure 2.5A is  model proposed by Boyd and Nixon (Boyd, 1973; Nixon, 1973; Boyd and 
Nixon, 1975) based on their studies of xenoliths from northern Lesotho and adjacent 
kimberlite pipes. The model assumes that the P-T estimates of the rocks relate to widespread 
ambient mantle conditions and shows the division of cold, coarse peridotites and deformed 
peridotites into depth zones within the mantle and the association of Cr-poor megacrysts 
with the layer of hot deformed peridotites. The supposed gap in the bimodal distribution of 
nodule P-T estimates was correlated with a zone where magma dominated the section, which 
in turn was correlated with the low velocity zone making the hot deformed peridotites part of 
the asthenosphere. The increase in temperature on passing from the lithosphere to the 
asthenosphere was attributed to shear heating associated with lithospheric plate motions 















El Crust El 
uPrrmostflCoId coarSe[' Hot deformed 	Cr-poor 
LimantIe 	peridites 	pendotites megacrysts 
Fig 2.5 Schematic vertical cross-sections illustrating proposed models of the upper mantle. A - after 
Boyd (1973), Boyd and Nixon (1973), Nixon and Boyd (1973a, b) B - after Green and Gueguen 
(1974) C - after Ehrenberg (1979, 1982a) and Gurney and Harte (1980). Diagram reproduced from 
Harte (1983). 
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Green and Gueguen (1974) and Parmentier and Turcotte (1974), however, explained the 
thermal anomaly with a rising diapir. Figure 2.513 is based on the Green and Gueguen 
(1974) model where (b) represents the rising diapir and B is the mantle section. Plastic 
deformation of the margins of this diapir gives rise to the hot, deformed peridotites. Whilst 
melt (expected to be similar to that giving rise to the Cr-poor megacryst suite) may occur in 
specific zones of models A and B, model C introduces the possibility of magmatic 
intrusions, occurring at different depths, capable of forming relatively discrete, rather than 
laterally continuous, magma-rich bodies. Model C follows Ehrenberg (1979, 1982a) and 
Gurney and Harte (1980) and is based on a horizontal thermal anomaly revealed by nodules 
yielding a wide range of temperatures at one depth. It also allows for regions of peridotite 
affected by discrete intrusions (Harte ci al., 1975; 1987). This model also allows local 
horizontal gradients whilst figure 2.5A involves only regional vertical gradients. 
Figure 2.5C shows the ascent of magma along a vertical line. The infiltration of this magma 
into the country rock peridotite is envisaged to give rise to a complex magma body (c). The 
aureole rocks form the hot deformed peridotites and might frequently be metasomatised. 
The Cr-poor megacrysts are thought to crystallise from the differentiating magma body. 
Placing the horizontally layered structure of Boyd and Nixon and the magma body of 
Gurney and Harte (1980) within a rising diapir (represented by (a) and (c) in figure 2.5) 
provides a means of generating local heterogeneities in the mantle and represents a 
compromise between models A and C (Harte, 1983). More recently, Burgess and Flarte 
(1999, and in press) have presented evidence for a situation in which asthenospheric melt 
percolates upwards into the carapace of mantle lithosphere. 
In the models of figure 2.5, the vertically directed arrowed lines indicate the kimberlite or 
other eruptions carrying nodules to the surface. In all cases in these models, the cold coarse 
peridotites may be regarded as lithosphere and the Cr-poor megacrysts of asthenospheric 
origin. Model A, however, depicts the hot deformed peridotites as being asthenospheric 
whereas in model C, they are lithospheric in the sense that they are derived from lithospheric 
rock. It is important to remember that in model C, these lithospheric rocks undergo 
modification resulting from partial equilibration with the megacryst magma. This gives 
asthenospheric values for trace elements and isotopes (Flarte, 1983). 
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2.7 POLYMICT PERIDOTITES - A SUMMARY OF PREVIOUS WORK 
There has been little previous research on polymict peridotites. The first work was done in 
1978 as part of Lawless' PhD thesis (see Lawless, 1978 and Lawless ci al., 1979). Since 
then there has been work on the ilmenites in polymict peridotites (Wyatt & Lawless, 1984), a 
detailed study on one polymict peridotite, JiG 2115, (Baumgartner, 1991) and most recently 
an investigation into the oxygen isotope signatures of the minerals (Zhang et al., 1999). No 
attempt has been made to document the trace element composition of the minerals in 
polymict peridotites, nor to consider the exact composition of the metasomatic fluid. 
Polymict peridotites are aggregates of upper mantle rock fragments and minerals held 
together by a matrix containing large but variable amounts of ilmenite, rutile, phlogopite and 
sulphides. The main fragments or clasts involved are those which are found as mantle rock 
and mineral xenoliths/xenocrYsts in kimberlite pipes, i.e. peridotites, eclogites and 
megacrysts. The peridotite fragments or elasts have a variety of compositions. The 
compositions of the megacrysts are those of the Cr-poor suite from kimberlites. These 
megaerysts show similarities of compositions to minerals in deformed high temperature 
peridotites (see above and review of Harte, 1983). Individual mineral fragments include the 
phases garnet, clinopyroxene, orthopyroxene, olivine and chromite (Lawless ci al., 1979). 
No crustal rock fragments have been identified (Lawless ci at, 1979). Some of the 
peridotites show metasomatic features including large changes in Al, Cr, Ca, Na, and Ti and 
enrichment of Fe along grain boundaries which may be associated with recrystallisation. 
These variations were interpreted by Lawless ci at (1979) and Baumgartner (1991) as being 
due to the effects of a metasomatising fluid from which the ilmenite, phlogopite and 
sulphides also probably precipitated. 
Lawless ci al. (1979) proposed a two-stage origin for the polymict peridotite xenoliths and 
this is supported by Baumgartner (1991). The first stage involves the migration/eruption of a 
mantle fluid from depth (asthenosphere), with the fluid sampling the upper mantle as it 
migrates and transports rock and mineral fragments. This initial fluid injection-brecciation-
transportation phase does not bring the xenoliths to the surface but only to rest within the 
subcontinental lithospheric mantle where it crystallises the matrix assemblage (ilmenite - 
rutile - phlogopite +1- sulphides). Recent work (e.g. Eggler, 1987; 1-larte 
et al., 1987; 1993) 
on mantle metasomatism strongly suggests that the fluid involved in this process would be a 
silicate melt, but Lawless et al. (1979) presented no definite evidence on this point. 
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The first stage therefore creates all the main features of the polymict xenoliths and the 
second stage involves sampling and transportation of the consolidated polymict rocks (rock 
fragments and matrix) to a near-surface environment by a secondary magmatic eruption (a 
younger kimberlite intrusion). 
The two authors differ in opinion regarding the origin of the megacrysts in polymict 
peridotites. Lawless et al. (1979) considered them to have been sampled in the same way as 
the petidotite fragments whereas Baumgartner (1991) favoured their crystallisation out of the 
initial fluid involved in polymict petrogenesis. Baumgartner (1991) also suggested the 
possibility that this initial fluid was a picritic basaltic primary magma or alkali basalt magma 
in contrast to Lawless et al.'s (1979) preference for a melt of kimberlitic composition. 
Wyatt and Lawless (1984) undertook a study on the ilmenite occurrence in polymict 
peridotites. Although both ilmenite and garnet are common minerals found in kimberlite, 
ilmenite, unlike garnet, is not ubiquitously associated with lherzolites and eclogites which 
are thought to constitute a large proportion of the upper mantle (Mitchell, 1973). When 
ilmenite is found in peridotites, it commonly appears in a special association, such as: dunitic 
parageneses (Boyd and Nixon, 1973; Dawson et al., 1981); the Matsoku paragenesis (Harte 
et al., 1975, 1987); the MARID (mica_amphibole-rUtile-ilmenite and diopside) paragenesis 
of Dawson and Smith (1977) and other unusual xenoliths (e.g. Meyer et al., 1979). The 
occurrence of abundant ilmenite in the polymict peridotites is another example of an unusual 
paragenesis and Wyatt and Lawless (1984) considered it relevant to the origin of ilmenite in 
kimberlite. 
Wyatt and Lawless (1984) suggested several features reflect an intrusive relationship 
between the ilmenite and the polymict xenoliths. They propound that the vein-like ilmenite 
in samples BD 2666 and JiG 1414 is the product of fluid injection or intrusion. On the 
observation that ilmenite in JiG 1414 post-dates the deformation of the host rock, Wyatt and 
Lawless (1984) concluded that the ilmenite was a late-stage phenomenon. Furthermore, they 
report a reaction zone in the silicate minerals adjacent to the ilmenite veins in JiG 1414 
which reinforces their interpretation. The high Cr 2O3 content of the ilmenite along the 
margins of the veins and blebs is considered to be consistent with the earlier crystallisation 
or "chilling" of high temperature ilmenite during fractional crystallisation (see Wyatt, 1979; 
Knecht etal., 1977). Also, the "exsolution-like" texture between the rutile and the ilmenite 
on extreme margins of the ilmenite is thought to represent an intergrowth during rapid 
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crystallisation which, due to chilling, did not have the chance to migrate to grain boundaries 
and form discrete grains (Wyatt and Lawless, 1984). 
Wyatt and Lawless (1984) noted the ubiquitous association of phlogopite with ilmenite and 
suggest that they are cogenetic, the intrusive phase being a hydrous-Ti0 2-K20-rich liquid 
probably containing sulphur. The fact that the ilmenite has constant MgO content and that 
FeO and Ti02 are constant in the phlogopite is consistent with mutual buffering between two 
cogenetic minerals (Wyatt and Lawless, 1984). 
The ilmenite which occurs as veins in sample BD2666 has clearly been deformed subsequent 
to or during crystallisation in the xenolith, which itself has a laminated porphyroclastic 
texture (Wyatt and Lawless, 1984). The fact that dislocations and parallel bands of fine-
grained polygonised ilmenite have been preserved within large grains led Wyatt and Lawless 
(1984) to infer that the ilmenite was not completely annealed and that the xenolith was 
incorporated into the kimberlite during or very soon after it was deformed. However, the 
distinctive textural zoning of the ilmenite in JiG 1414 is consistent with primary 
crystallisation from a melt and in this case the veins clearly post-date the deformation of the 
xenolith (Wyatt and Lawless, 1984). Following Mercier (1979), who ascribed deformation 
in peridotite to events occurring immediately prior to their incorporation into the kimberlite, 
Wyatt and Lawless (1984) concluded that the emplacement of the ilmenite into the xenoliths 
is a phenomenon which occurred just before or during the kimberlite eruption. In the case of 
the specific xenoliths described in the 1984 study, the emplacement of the ilmenite and its 
associated minerals is believed by Wyatt and Lawless (1984) to relate to an early phase of 
mantle brecciation prior to the main eruption of the kimberlite. 
Zhang et at (2000) investigated the additional information provided by oxygen isotopes in 
four polymict peridotites (see Table 1, Chapter 1). Delta 180 evidence from basalts suggests 
that a degree of oxygen isotope heterogeneity exists in the mantle (Harmon and Hoefs, 
1995). This heterogeneity is interpreted by .Mattey et al. (1994) as being the result of high 
temperature fractionation reversals or open-system fluid interaction. Laser-assisted 
fluorination analyses of minerals from a variety of mantle xenoliths and megacrysts (Ionov et 
al., 1994; Mattey etal., 1994a &b; Chazot etal., 1997; Eiler 
etal., 1997), however, 
demonstrate that minerals in mantle peridotite possess only a narrow range of 50. Zhang 
et at (2000) report that all the minerals in polymict peridotites (olivine, garnet, 
orthopyroxene, clinopyroxene, phlogopite and ilmenite) preserve varying degrees of oxygen 
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isotope disequilibrium which is characterised by local 5180 depletion relative to normal 
peridotite. Zhang ci at (2000) have also observed a correlation between 5180  and Fo content 
in olivines. Zhang ci al. (2000) report that olivines in polymict peridotites show a range in 
5180 values which overlaps with that observed in spinel-, garnet- and diamond-facies 
peridotites and is suggestive that the olivines in polymict peridotites may, in part, be related 
to a peridotitic precursor. Since the range of polymict peridotite olivine extends to much 
lower than normal peridotite, Zhang ci at (2000) also suggest that the large ranges in 5180 
displayed by the polymict peridotite minerals indicate rather more complicated processes 
than mere derivation from the dominant mantle rock, peridotite. Zhang ci al. (2000) suggest 
that the disequilibrium may have been caused by the episodes of metasomatism which have 
affected the polymicts. The covariance of oxygen isotopes and major elements suggests that 
melt migration not only leads to large elemental heterogeneity but also to a low oxygen 
isotope signature in grains that have texturally re-equilibrated (Zhang ci al., 2000). They 
further propose that the large oxygen isotope variation and fractionation between and within 
the constituent minerals of these polymict xenoliths indicates the arrest of this process by 
entrainment and eruption in kimberlite magma. 
in terms of the petrogenesis of polymict peridotites, Zhang ci at (2000) suggest that the 
oxygen isotope disequilibrium retained within these polymict xenoliths may represent a 
phenomenon localised along a propagating fracture in the lithosphere where displacement 
led to the juxtaposition of diverse lithologies. Deformation along that crack may be assisted 
by thepreferential passage of melts, eventually leading to the crack/conduit acting as a site 
of entrainment of mantle material (Zhang ci al., 2000). 
There is a broadly positive correlation between FeO content and oxygen isotopes which 
exists in polymict garnets and enstatites (Zhang ci al., 2000). This appears to be enigmatic 
in that iron enrichment would normally be associated with melt processes and a lowering of 
the oxygen isotopic composition. Thus Zhang ci at (2000) propose that the diverse 
elemental and oxygen isotopic behaviour in different minerals in the polymict xenoliths may 
illustrate that different fluids affected different minerals - most logically prior to their 
juxtaposition in the polymict peridotite (Zhang ci al., 2000). 
Some of the possibilities put forward by Zhang ci al. (2000) are investigated in this study by 
considering whether detailed major-minor-trace element compositions of the polymict 
peridotite phases suggest equilibration between phases or not. The metasomatic mineral 
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compositions are subsequently used to investigate the composition of the metasomatising 
fluid, thereby exploring in more detail the ideas suggested by Lawless et al. (1979) and 
Baumgartner (1991). Building on the observation that the ilmenite and phlogopite are 
cogenetic (Wyatt and Lawless, 1984), the ilmenites in polymict peridotites are studied in 
conjunction with other metasomatic phases (phlogopite, garnet and orthopyroxene) in order 
to clarify the origin of the fluid. 
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CHAPTER 3: PETROGRAPHY 
3.1 INTRODUCTION 
Polymict peridotites have mainly been recovered from the Bultfontein Mine dumps and 
'floors' in Kimberley, which are famous for a wide variety of peridotite xenoliths. The most 
comprehensive description is given by Lawless (1978). The majority of peridotite xenoliths 
found at the Bultfontein mine dump have modal proportions in the ranges: olivine 47-75%, 
orthopyroxene 20-50%, clinopyroxene 0-5%, garnet 0-11% - similar to those defined for 
common peridotites at Matsoku, northern Lesotho (Cox, Gurney and Matte, 1973). Lawless 
(1978) also documents garnet-olivine websterites (after Gurney, Lawless and Dawson, 
1977), garnet websterites, garnet wehrlites, non-garnet-bearing lherzolites, harzburgites and 
wehrlites and rare potassic-richterite lherzolites similar to those described by Erlank (1973). 
Subsequent to Lawless (1978), more detail on richterite-bearing and MARID xenoliths has 
particularly been given by Dawson and Smith (1977) and Erlank et al. (1987). Texturally 
the Bultfontein peridotite xenoliths show the complete range described by Flarte (1977)—
coarse, granular to laminated and disrupted mosaic porphyroclastic (Lawless, 1978). 
The polymict peridotites are very rare. They are characterised by the presence of upper 
mantle rock fragments cemented by ilmenite, rutile, phlogopite and sulphides (Lawless, 
1978). In the following sections the polymict peridotites are described in hand specimen and 
thin section. 
3.2 HAND SPECIMEN DESCRIPTIONS 
Both rock fragments ('clasts') and individual mineral grains may be identified in the hand 
specimens. The clasts and large mineral grains are supported by variable proportions of a 
grey fine-grained matrix. In most of the polymict peridotites, this groundmass consists of 
fine-grained phlogopite, orthopyroxene, ilmenite, rutile and variable proportions of olivine 
neoblasts (small grains produced as a result of recrystallisation). In two of the polymict 
peridotites (JJG 1414 and XM2), what appears to be an extensive area of groundmass is 
composed entirely of olivine neoblasts. One of the most striking features of the polymict 
peridotites is the large amount of opaque material which is present. This is mainly ilmenite 
and although it is believed to be a part of the groundmass which cements the upper mantle 
fragments and clasts, it often appears to be more dominant than all of the other phases in 
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hand specimen (see figures 3.1 -3.4). Lawless (1978) described the rocks according to the 
mode of occurrence of ilmenite. Basically this involved dividing the occurrence of ilmenite 
into three categories - small discrete blebs, large blebs and extensive elongated 'lamellae' 
(foliae). 
In essence the polymict peridotites are poorly sorted upper mantle breccias which contain 
partially rounded rock fragments and mineral grains in a variable, but usually ilmenite- and 
mica-rich matrix. In general, hand specimen observation shows the polymict peridotites to 
consist of five main components in widely variable proportions. These are: 
Polycrystalline and often polymineralic fragments -rock fragments. 
Large (typically much greater than 5 x 5 mm) single crystals (olivine, orthopyroxene, 
garnet, phiogopite, ilmenite)— mineral fragments. 
Both of the above show fractured/rounded margins. 
Fine-grained material which is typically polymineralic but often phlogopite-rich. 
Very variably distributed zones/patches which maybe almost wholly formed of 
phlogopite. 
Very variably distributed zones/patches which maybe almost wholly formed of opaques 
(mainly ilmenite). 
Although as a suite of rocks the polymict peridotites are far too variable to be categorised 
into a single classification scheme, they can be loosely divided into three groups according to 
their hand specimen characteristics. These groups are defined primarily according to the 
proportion and mode of occurrence of ilmenite and the amount of fine grained groundmass 
in relation to the proportion of clasts. Tracings of a selection of these polymict structures 
can be seen in figures 3.1 —3.4. 
Two distinctive polymict peridotites are XM2 and JJG 1414, which are both characterised by 
a large proportion of fine-grained groundmass. XM2 contains more rock and mineral 
fragments than JiG 1414. The ilmenite in these polymicts is infrequent but where it does 
occur it is quite extensive, forming large blebs up to 20 x 15 mm. (figure 3.1). 
ED 2666 and JJG 6011 are also immediately identifiable as polymict peridotites. They are 
defined by extensive (approximately 40% of the rock) 'lamellae' or 'foliae' of ilmenite 
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20 mm 
Fig 3.1 3.1 Tracing of a section through hand specimen JJG 1414. Easily identifiable mineral 
fragments are indicated by the different symbols: OL = olivine, OPX = orthopyroxene, CPX 
= clinopyroxene, GT = garnet, ILM = ilmenite and is used here to indicate all the ore minerals 
which might also be associated with ilmenite. Blank areas represent line grained neoblastic 
groundmass. 
Fig 3.2 Tracing of a section through hand specimen BD 2666. See fig 3.1 for explanation of 
the symbols. 
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than 5 mm wide. The mineral fragments in these two rocks are small - 5 x 5 mm at their 
largest. Little fine grained groundmass is evident in hand specimen. A tracing of BD 2666 
is shown in figure 3.2. 
The remaining five polymicts are less easily categorised. Initially it would seem that they 
can be distinguished using the relative proportions of groundmass and fragments or mineral 
grains. However, a selection of thin sections cut from several adjacent slices of one polymict 
xenolith reveals the incredible variability of these rocks which makes it hard to put them into 
a single category. Within only a few centimetres of xenolith, BD 2394 shows fluctuating 
rock and mineral fragment sizes (1 x 1 mm up to 50 x 30 mm) and varying proportions of 
groundmass (between 30 and 70%). Variations in the nature of the mineral fragments are 
also quite extensive, e.g. increases in the proportions of phlogopite and opaque material. On 
consideration of this information I have decided to group these five polymicts together with 
no more informative a classification than 'variable structure'. This essentially distinguishes 
these polymicts from those which consistently show either a large proportion of groundmass 
or extensive foliae of opaque minerals. In the following descriptions it should be 
remembered that, with the exception of BD 2394, the details are based on one slice through 
the rock and that sizes and proportions of minerals, rock clasts and groundmass may vary 
throughout the xenolith as a whole. 
LM I and DB3 (figure 3.3) can be described as being coarse grained and containing large 
blebs of ilmenite. Mineral fragments can be up to 15 x 10 mm in size and in the case of 
ilmenite grains up to 20 x 10 mm (slightly smaller in DB3 than LM I). In both rocks there is 
a small proportion (<30%) of fine-grained groundmass. JiG 513 is similar to DB3 and LM I 
in having close-packed mineral and rock fragments with little groundmass, but contains 
much smaller fragments (up to 5 x 5 mm) than DB3 and LM I. The ilmenite in JJG 513 
occurs as blebs which are smaller in size than the mineral fragments and are slightly 
elongated. JiG 2115 shows similar occurrences of ilmenite but the overall fragment size of 
JJG 2115 is much larger (up to 35 x 25 mm). There is again little groundmass evident in 
hand specimen. BD 2394 shows variable clast size (up to 25 x 15 mm) and large blebs of 
ilmenite up to 20 x 10 mm. It also has more extensive groundmass than LM 1, DB3 and JiG 
513. 
JJG 2419 is a large polymict which clearly contains a very large peridotite fragment (figure 
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N 08 Gf (2 1 PERIDOTITE FRAGMENT 20 mm 
Fig 3.3 3.3 Tracing of a section through hand specimen DB3. See fig 3.1 for explanation of the 
symbols. 
20 mm 
Fig 3.4 Tracing of a section through hand specimen JJG 2419. See fig 3.1 for explanantion 
of the symbols. 
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cutting of the rock prior to my examination but it is at least 100 min in width. There are 
other peridotite fragments evident in hand specimen which measure up to 20 - 30 mm in 
width. Extensive phlogopite (z 65% of the groundmass) appears to be intergrown with 
opaque material and some orthopyroxene grains in the groundmass. 
3.3 THIN SECTION DESCRIPTIONS 
3.3.1 Textural relations 
The textures and structures which can be seen in thin section relate to the broad descriptions 
given of the hand specimens. In this section, the textures of the different xenoliths are 
described tentatively with the use of 1-larte's (1977) terminology. This terminology was 
derived more specifically for olivine-bearing xenoliths formed of a single rock type and 
although the polymicts contain abundant olivine, it should be remembered that the 
descriptive terms are perhaps more appropriate for describing single clasts rather than the 
structure of the polymicts as a whole. 
The complete range of minerals found in polymict rocks is garnet, orthopyroxene, olivine, 
ilmenite, rutile, phlogopite, sulphides and occasional clinopyroxene. In broad terms, many 
features of the polymicts can be described as porphyroclastic. Harte (1977) defined a 
porphyroclast as a relatively large and strained mineral grain or aggregate of such grains, 
which is a relic of the nature of a rock prior to deformation and which is surrounded by 
markedly smaller grains (neoblasts) which appear to have formed by recrystallisation. This 
type of structure with large strained grains surrounded by markedly smaller grains is 
common in polymict peridotites. It can be very difficult to decide whether a series of 
porphyroclasts surrounded by a matrix of neoblasts have been derived by deformation of a 
single rock, or represent several intermingled deformed rocks. This is especially true where 
olivine is dominant. 
JJG 1414 and XM2 can be described as having a mosaic porphyroclastic texture on account 
of their fine-grained groundmass being composed of small, equant olivine neoblasts. A sea 
of olivine neoblasts surrounds porphyroclasts of orthopyroxene, altered garnet and ilmenite 
and rutile intergrowths in JiG 1414 (figure 3.5). The ilmenite and rutile intergrowths are 
elongated and separated by olivine neoblasts. They do not appear to entrain any 
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Fig 3.5 Olivine neoblasts surrounding an olivine and a garnet prophyroclast in JJG 1414. 








Fig 3.6 llmenite 'lamellae' in BD 2666. Symbols are as in fig 3.1. The outline of two 'entrained' 
olivine crystals with recrystallised 'tails' are drawn. 
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ilmenite and rutile but I have not observed any phiogopite in this rock. The olivine is often 
seen as showing extensive recrystallisation and having undulose extinction. Occasional 
small orthopyroxene crystals are seen within the sea of olivine neoblasts. 
XM2 contains a dark matrix formed by a sea of olivine neoblasts. The olivine 
porphyroclasts are more coherent crystals (less affected by recrystallisation) than those in 
JJG 1414, although they show recrystallisation around the edges. The other porphyroblastic 
minerals (orthopyroxene and garnet) in XM2 are less extensively altered and recrystallised 
and occur with much more frequency. There is a small proportion of phlogopite (5%) within 
XM2 and ilmenite and rutile occur as coherent blebs rather than foliae, as occasionally seen 
in JJG 1414. 
BD 2666 and JiG 6011 also have an unusual texture. In these rocks, fine foliae of ilmenite 
and rutile and occasionally sulphides run through the whole xenolith. These foliae appear to 
bend around garnet and sometimes larger (5 x 5 mm) olivine porphyroclasts. The foliae 
appear to have entrained crystals of orthopyroxene and olivine. These entrained crystals are 
deformed and often have recrystallised 'tails' (figure 3.6). Occasionally these grains are 
completely enclosed by the opaque mineral itself. There is a large proportion of phlogopite 
associated with these opaque occurrences and this generally consists of randomly oriented 
tiny ( 0.2 x 0.2 mm) crystals although there are some larger crystals amongst the smaller 
ones. The larger crystals are often deformed and show undulose extinction. There is a large 
proportion (30%) of olivine neoblasts in these rocks although there is less than seen in JiG 
1414(60%). The rocks are also quite badly affected by serpentinisation. These xenoliths 
might be described as having a laminated disrupted porphyroclastic texture. In the 
terminology of Harte (1977) 'laminated' is used to describe a rock showing thin (less than 
2.5 mm) layers or lenticles which are associated with modal variations (essentially in olivine 
and orthopyroxene in peridotites). In this case, it is largely used to describe the appearance 
of the ilmenite or ilmenite and rutile seams which, are often wider than 2.5 mm. 'Disrupted' 
describes a texture in which garnet or spinet occurs in discontinuous stringers or groups of 
relatively small grains (partially separated by other minerals) which appear to have formed 
by the disaggregation (with or without rerystallisation) of initially larger garnet or spinet 
grains (Flarte, 1977). In BD 2666 and JJG 6011, this describes the olivine and 
orthopyroxene rather than the garnet which remains as large grains. This description is in 
agreement with that of Lawless (1978) for BD 2666. However, the application of the term 
'laminar' to these rocks primarily on the basis of the ilmenite stringers is particularly 
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questionable, in that the laminae of the typical deformed peridotite are considered to be 
products of deformation (Harte, 1977). In this case the ilmenite stringers may well represent 
mineral aggregates deposited within previously deformed rock by circulating metasomatic 
fluid/melt. 
In the remaining polymict xenoliths, there are clearly porphyroclasts (deformed crystals) but 
they are partly or completely separated from their surrounding recrystallised matrix and 
juxtaposed next to other material. JJG 2419 is distinct as a result of its large proportion of 
phlogopite and its obvious peridotite fragment. Although these polymicts are described as 
breccias of upper mantle rock fragments, it is uncommon to find such a large coherent and 
undisturbed peridotite fragment. As previously mentioned, JJG 2419 possesses a very large 
peridotite fragment which can be seen in hand specimen. In thin section, this large peridotite 
fragment can be seen to contain olivine and orthopyroxene but there is no garnet or 
clinopyroxene and it is clearly a harzburgite fragment. Other areas of JJG 2419 contain a 
large amount of phlogopite - more so than seen in any other polymict xenolith. This 
phlogopite consists of large crystals, up to 5 x 3 mm, which have experienced deformation, 
giving rise to undulose extinction and kink banding in the crystal. Tiny (<0.2 x 0.2 mm) 
randomly orientated phlogopite crystals surround these large crystals. This phlogopite is 
intergrown with ilmenite and rutile. 
Generally the other polymict xenoliths show structures and textures similar to those 
described - they contain large, variably deformed, isolated crystals of orthopyroxene, olivine 
and garnet, separated by olivine neoblasts, phlogopite crystals and ilmenite and rutile blebs. 
It is not uncommon to find fine-grained intergrown areas of orthopyroxene, phlogopite and 
ilmenite but the grain boundaries do not suggest a closely intergrown aggregate except in the 
case of BD 2394 and JJG 513. In BD 2394 (figure 3.7) a fine-grained area containing cloudy, 
euhedzal garnets, orthopyroxenes, ilmenite and phlogopite is found, which suggests 
simultaneous crystallisation and could represent a crystallised melt pool. It is unique to BD 
2394— in JiG 513, the aggregate contains phlogopite, orthopyroxene and ilmenite but no 
garnet (figure 3.8). 
Another special feature of polymict peridotites is the manner of occurrence of clinopyroxene. 
Clinopyroxene only occurs in intimate association with orthopyroxene and these associations 
have been simply named 'clinopyroxene-orthopyroxene intergrowths'. These have been 
observed in eight of the ten polymicts and are described in more detail in section 3.3.2.7. 
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Fig 3.7 Fine grained orthopyroxene, phiogopite, garnet and ilmenite intergrown in BD 2394. 




. ..  
PHLOGOPlTES 
4. 
oPx -•rc. ', 	ILM 
Fig 3.8 Fine grained orthopyroxene, phiogopite and ilmenite intergrown in JJG 513. 
Symbols as in fig 3.1. 
4. 
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3.3.2 INDIVIDUAL MINERAL PHASES 
Despite the varying textural relations of the rock and mineral fragments in polymict 
peridotites, the mineral phases occurring within the xenoliths are common to the suite as a 
whole. This section identifies and describes the characteristics of the individual mineral 
phases in turn irrespective of their textural relations (i.e. whether they are an upper mantle 
fragment or part of the groundmass). 
3.3.2.1 Orthopyroxene 
Orthopyroxenes occur in a variety of associations. They can occur as part of an upper mantle 
fragment of peridotite (figure 3.9) or as large isolated porphryroclasts (figure 3.10). The 
former is only unequivocally identified by good crystal boundaries between grains of 
orthopyroxene, olivine and occasionally garnet. Orthopyroxene occurs as porphyroclasts in 
all of the ten polymict rocks. It is usually present as anhedral crystals of varying size. 
Average clast size is 5 - 10 mm in diameter but one clast in JJG 2115 has been observed 
which is 22 min in diameter (.Baumgartner, 1991). Kink banding and extensive 
serpentinisation is very common within the orthopyroxene porphyroclasts in polymict 
peridotites. There is no evidence of exsolution within the orthopyroxene porphyroclasts. 
The orthopyroxenes can be described as having a 'cloudy' or 'clear' appearance. The 
'cloudiness' consists of incredibly fine-grained opaque minerals disseminated through the 
orthopyroxene grains and in particular spanning the core-rim boundary (see figures 3.9 and 
3.14 for examples of orthopyroxenes displaying this appearance). Generally the presence of 
fine-grained inclusions produces an overall patchy appearance of the orthopyroxene grains 
(see figures 3.9 and 3.14). Slightly larger opaque inclusions are also seen in what might 
otherwise be described as a 'clear' orthopyroxene (see figure 3.10). 
Small crystals of orthopyroxene (0.1 .0.8mm in diameter) occur in association with 
phlogopite and small ilmenite, rutile and garnet (in the case of BD 2394) crystals in the fine-
grained groundmass of some of the polymict peridotites (see figures 3.7 and 3.8). 
Occasionally olivine neoblasts can be found within these associations. The orthopyroxene 
crystals in these situations are typically very cloudy. 
35 
Fig 3.9 Peridotite fragment in JJG 513. A 'cloudy' orthopyroxene is indicated in contrast to a 'clear' 
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Fig 3.10 Backscattered electron image of a 'clear' orthopyroxene porphyroclast in LM 1 showing 
a petrographic rim. Larger opaque inclusions are indicated. Symbols as in fig 3.1 
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Many of the crystals show rims which are distinct from the cores. These can be in optical 
continuity with the core although this is not always the case. Rims are often cloudy with 
inclusions spanning the core-rim boundary (e.g. figure 3.14). However, in some situations 
the rims can be 'clear' (i.e. lacking the presence of inclusions) in contrast to a 
cloudy core. These clear rims are often discontinuous and are interpreted as the result of 
overgrowth around the original crystal. 
There are clinopyroxene-orthopyroxene intergrowths in the polymict peridotites, which are 
the only occurrences of clinopyroxene and are discussed in more detail in section 3.3.2.7. 
The orthopyroxene in these intergrowths has a granular texture and as a whole the 
intergrowth seems to be composed of several small and incredibly cloudy orthopyroxene 
crystals (figure 3.19). This is not the only occurrence of orthopyroxene with such an 
appearance. Isolated areas of orthopyroxene showing this texture are seen in some 
polymicts. This is not necessarily associated with other orthopyroxene grains, although in 
LM I such a texture is seen within an area of larger orthopyroxene porphyroclasts. Another 
good example of this texture can be seen within the large harzburgite fragment in JiG 2419. 
In this case, the granular orthopyroxene has been disrupted and olivine neoblasts have 
formed between the orthopyroxene grains. It is also not uncommon for such orthopyroxene 
crystals to be accompanied by the development of very small phlogopite grains. These areas 
of orthopyroxene always display undulose extinction. Tiny orthopyroxene crystals (2.0-0.4 
mm in diameter) also occur within areas of olivine neoblasts. This is particularly true of JJG 
1414, which contains a matrix of olivine neoblasts. 
3.3.2.2 Phlogopite 
Phlogopite is present as large areas of tiny crystals as well as large crystals, which are often 
deformed and porphyroclastic in appearance. The large crystals vary in size from 0.5 x 0.5 
mm up to 5 x 3 mm. Some large phlogopites are undeformed and unzoned but these often 
still show minor recrystallisation around the grain edges. Other large crystals have been 
strongly deformed and show both zoning and kink banding (figure 3.11). it is not 
uncommon to see recrystallisation along the kink bands. Where chemical heterogeneities 
have arisen within individual phlogopite crystals, it is evident in the strong colour difference 
between rim and core. The rims are also distinct as a result of their very strong pleochroism. 
Phlogopite crystals are often affected by serpentinisation. 
UFA 
Fig 3.11 Backscattered electron image of a zoned, kink banded phiogopite in JJG 2115. 
Recrystallisation is evident around the edges of the crystal and through the centre. 
Fig 3.12 BSE image of a garnet crystal in XM2 showing a highly fractured rim. The colour contrast 
between the core and rim also indicates zoning. 
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Where aggregates of tiny phlogopites are seen - either as a mass on their own or surrounding 
large phlogopite crystals —the crystals are approximately polygonal and randomly 
orientated. Their size ranges between 0.1 mm and 0.3 mm in length. These tiny tabular laths 
of phlogopite can also be found occurring interstitially with small (0.1 to 1 mm in diameter) 
orthopyroxene, ilmenite and rutile crystals and surrounding other silicate phases, particularly 
garnets. In these cases, the phlogopite appears to be 'cementing' the other minerals in the 
rock (Lawless, 1978). It is also common to see individual small phlogopite crystals within 
the other phases in the rock as already mentioned in the orthopyroxene description (section 
3.2.3.1). Phlogopite can be seen as elongated aggregates of crystals alongside ilmenite 
crystals in BD 2666 and JiG 6011. These areas usually consist of small randomly orientated 
crystals but may enclose larger deformed and undeformed phlogopite grains. These 
occurrences are 0.5 to 1 mm in width and often partially or even, rarely, completely enclose 
other silicate phases. Similar randomly orientated small phlogopite grains form rims around 
the keLyphitic alteration which surrounds garnet clasts. 
1-larte etal. (1975) defined terms for the different phlogopite occurrences in upper mantle 
rocks affected by metasomatism. Phiogopite and ore minerals with equilibrium textural 
relationships compared to typical mantle phases are described as 'primary-metasomatic' 
phases. These are distinguished from late-secondary minerals, although the 'primary-
metasomatic' minerals are secondary in that they were not a part of the original mantle 
mineral assemblage. Late-secondary minerals are the products of alteration which has 
affected the xenoliths at a late stage in their history. The late-secondary minerals are 
commonly identified as replacements of pre-existing single crystals and include the 
constituents of the kelyphitic and phlogopite rims around garnets (Cox etal., 1973) and 
serpentinous material, which also contains ore minerals, phlogopite and other flaky minerals 
(Harte etal., 1975). Flarte etal. (1975) express some uncertainty over identifying aggregates 
of fine-grained phlogopites where the textural relations with other minerals are ambiguous. It 
is with similar uncertainty that! apply the term 'primary-metasomatic' to most of the 
phlogopite crystals within the polymict peridotites. It is incredibly rare to find mineral 
associations in the polymicts, which can be described, without doubt, as being in 
equilibrium. Moreover, the polymicts are breccias containing fragments of upper mantle 
peridotites and megacrysts which makes it difficult to assess purely from the petrography 
whether the phlogopites are part of rock fragments or have been largely introduced as part of 
the matrix of the polymict. For the most part, the phlogopite grains appear to be 'cementing' 
the rock fragments and mineral grains and to be a primary product of matrix crystallisation 
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of the metasomatic fluid/melt at mantle depths. The phlogopite rims around the garnet 
crystals can be described as 'late-secondary' minerals after Harte el al. (1975). The other 
occurrences of small phlogopite crystals are primarily a result of deformation and 
recrystallisation and in this sense are secondary to both the primary metasomatic phlogopites 
and the megacrysts or upper mantle fragments. 
In terns of variation between phlogopite occurrences within individual polymicts, the only 
phlogopite which I observed in JJGI4I4 occurs within the clinopyroxene-orthopyroxene 
intergrowth but phiogopite has been reported in this rock as isolated grains within the 
neoblastic olivine matrix (Lawless, 1978). Lawless (1978) does, however, state that 
phlogopite is rare within this particular polymict. Small anhedral phlogopite crystals are 
found within the crystalline matrix of BD2394. JiG 2419 contains extensive phlogopite. In 
thin section this is seen as a mass of substantially sized phlogopite crystals, from I x 1mm to 
6 x 4mm in dimensions. The edges of the entire mass of phlogopites show petrographic 
zoning in the form of a colour difference between these areas and the rest of the mass. 
Individual crystals, however, do not show evidence of chemical heterogeneities. Some of 
the phlogopite crystals within these areas show kink banding but it is not extensive. 
3.3.2.3 Garnet 
Garnets in the polymict peridotites occur most commonly as large single crystals which 
appear to be fragments (clasts) from pre-existing mantle rocks. However, they are clearly 
intergrown with other phases in the fine-grained matrix or groundmass of BD2394. These 
latter garnets are cloudy euhedral crystals of up to 0.3 x 0.3 mm in size. Occurrence of 
garnet in this situation is unique to BD 2394. Associations of orthopyroxene, phlogopite and 
opaque material are seen in other polymicts (e.g. JJG 513, figure 3.8) but none contain 
garnet. 
The large crystals of garnet are usually rounded, always anhedral and often very large. Their 
size ranges from 0.3 x 0.5 mm to 4 x 8 mm. Cores of fresh garnet commonly occur within a 
kelyphitic rim (Baumgartner, 1991) which is usually surrounded by a rim of randomly 
orientated small phlogopite crystals. These rims are similar to that of normal garnet 
peridotite xenoliths and can be I - 2 mm in width. The garnets within the polymicts are 
clearly of different chemical composition as indicated by their distinctive colours. Purple 
garnets are very common, as are pink/purple coloured garnets. Orange garnets (figure 3.13) 
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are also seen in more than one rock. A particularly distinctive garnet is seen in BD 2394. 
The core of this garnet is  purple colour— not unlike some of the other purple garnets seen 
within the polymicts. This core is surrounded by a bright orange rim, 0.2 mm wide which is 
clearly an overgrowth (figure 3.14). This is the only example of an overgrown garnet I have 
observed in the ten polymicts although Lawless (1978) and Lawless etal. (1979) report 
yellow garnet overgrowths in two specimens - BD 2394 and JIG 1414. 
Garnets in polymicts can have clean surfaces or highly fractured surfaces which leave them 
looking 'cloudy'. In distinction to large mineral grains of olivine, orthopyroxene and 
phlogopite, large garnets do not usually show evidence of recrystallised margins with garnet 
neoblasts and thus they are not porphyroclastic in the sense of other minerals. A particularly 
distinctive feature of the garnet crystals can be seen in XM2 where a clean garnet core is 
surrounded by a rim of highly fractured garnet (figure 3.12). These rims can be up to 0.8 
mm in width. Some of the garnets in this xenolith show similar extensive fracturing 
throughout the whole crystal. As a result of such crystals, it is difficult to decide whether the 
'rims' that surround the clean cores represent a chemical heterogeneity (for example an 
overgrowth of garnet from a metasomatic fluid) or whether these crystals are merely less 
extensively deformed. There does appear to be a sharp boundary between clean cores and 
fractured rims in all cases. 
3.3.2.4 Olivine 
Olivine makes up a large constituent of polymict peridotites. It occurs in two forms - as 
large crystals, whether as part of a peridotite fragment (see figure 3.9) or as an isolated grain, 
and as tiny neoblasts (see figure 3.5). Neoblasts can occur between other porphyroclasts, as 
part of an olivine porphyroclast (usually round the edges) or apparently on their own forming 
a matrix - e.g. in JJG 1414 and XM2. The large crystals of olivine are usually anhedral and 
vary dramatically in size - from 1 x 1 mm to 33 x 21 mm. It is possible that larger crystals 
occur than this - Baumgartner (1991) documents an olivine crystal in JiG 2115 which is 50 
mm in diameter. Large olivine crystals are often strained, as indicated by their undulose 
extinction, and serpentinised. They are frequently recrystallised around the edges of the 
grain. 
Neoblasts of olivine are seen in all ten of the polymicts. Large areas of neoblasts which 
preserve the shape of the original olivine grain are common and these can occur in close 
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association with coherent olivine grains which have not been extensively recrystallised. The 
neoblasts are usually equant and vary from <0.1 mm to 0.2 mm in size. Polygonal-
granoblastic or granuloblastic grain shapes can be seen where unaffected by serpentinisation. 
Where an existing olivine grain has partly recrystallised to neoblasts, it is common to see 
neoblasts throughout the grain, usually along the boundaries of sub-grain domains. Some of 
the olivine neoblasts have a more elongate or tabular habit but this is uncommon. The 
tabular neoblasts are unstrained and occur in random orientations within the porphyroclasts. 
Olivine crystals can be completely recrystallised and this gives rise to the textural features 
seen in JJG 1414 and XM2 where the other porphyroclasts sit in a matrix of olivine 
neoblasts. In JiG 1414 this matrix makes up 70% of the whole xenolith. In BD 2666 olivine 
crystals occur embedded within the ilmenite foliae. These olivine crystals have a 'tear drop' 
or augen shape (see figure 3.6) and the tails of these tear drops usually consists of neoblasts 
where the olivine has recrystallised. These features are similar to those seen in metamorphic 
augen .gneisses and it seems likely that the deformation of the olivine has been succeeded by 
fluid/melt percolation which deposited ilmenite between the olivine foliae and augen. 
Although olivine neoblasts can be associated with groundmass phases, there is no 
unequivocal evidence to suggest that olivine crystallised in equilibrium with the 
orthopyroxene, phlogopite and opaque minerals which comprise the groundmass of polymict 
peridotites. 
3.3.2.5 Ilmenite and rutile 
There are extensive areas of ore minerals in the polymict peridotites. They have already 
been described in hand specimen as occurring in small discrete blebs, larger blebs and 
elongated foliae. Reflected light microscopy has revealed that these ore minerals consist of 
ilmenite, rutile and sulphides. Whilst ilmenite and rutile do occur independently of each 
other (usually in the case of the small discrete blebs), it is much more common to see 
intergrown areas of the two minerals. The relationship between the two minerals appears to 
be specific not only to the polymict but also to the particular area of ore mineral. 
Rutile most frequently occurs as tiny crystals (approximately 10 microns in diameter) 
disseminated throughout a large area of ilmenite. This texture is seen in LM 1, JJG 6011, 
BD 2666, BD 2394 and XM2. In the case of BD 2666, the small rutile blebs (between 10 
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Fig 3.15 Backscattered electron image of small blebs of rutile forming strings through ilmenite 
in BD 2666. 
Fig 3.16 Backscattered electron image of rutile around the edges of an ilmenite in LM 1. 
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and SQ microns) forms small strings of crystals (figure 3.15) rather than isolated blebs and 
some of the smaller opaque foliae are composed entirely of small rutile grains. In DB3 and 
some areas in LM 1, the rutile is found around the rims of the mass of ilmenite (figure 3.16) 
and it may also occur in larger patches (up to 100 microns across) scattered throughout a 
mass of ilmenite. In JJG 1414, the rutile forms a band of substantial crystals in a ring which 
is best defined as the inner rim of the ilmenite mass. This rutile is obvious in transmitted 
light as a result of its strong internal reflections. Rutile is more dominant than ilmenite in 
JJG 513 but only occurs as discrete small blebs. 
As well as the distribution relations between the ilmenite and rutile, the shapes of grains and 
aggregates can vary. Large areas of undisturbed ilmenite (20 x 10 mm in BD 2394) are 
frequently seen. These can be extensively fractured. It is common to see areas of ore 
minerals which have the appearance of aggregates of many small grains. Ilmenite and rutile 
in JiG 2115 show this texture. In this rock, ilmenite forms the largest proportion of the ore 
minerals but rutile occurs around the edges. In JiG 2419 aggregates of ilmenite and rutile 
crystals give rise to a patchwork texture (figure 3.17). The individual ilmenites and rutiles 
are between 50 and 250 microns in diameter. The rutile within this patchwork texture 
contains tiny lamellae of ilmenite occurring perpendicular to one another. 
BD 2394 contains ilmenite and rutile as both undisturbed masses and aggregates of smaller 
crystals. Large areas of ore mineral in this rock are either solely ilmenite or rutile. Rutile is 
common as small blebs within areas of phlogopite and orthopyroxene, but is not often seen 
occurring independently of ilmenite in such large areas. BD 2394, however, contains small 
blebs of ilmenite (up to 50 microns) within an elongated area (13 x 2mm) of rutile (figure 
3.18). 
In all cases, the major part of the ilmenite-rutile aggregates is formed of reasonably equant 
crystals as seen in reflected light and BSE images (e.g. figures 3.15 to 3.18). These grain 
shapes suggest in-situ crystallisation with little deformation. They, therefore, suggest that 
much of the deformation, shown particularly by olivine and orthopyroxene aggregates, did 
not affect the ilmenite and rutile and thus that they are of somewhat later formation, perhaps 
as 'primary-metasomatic' minerals. Hence these opaque minerals may have acquired their 
sometimes laminar arrangement due to precipitation from fluid/melt which penetrated along 
a foliated structure caused by previous deformation. 
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Fig 3.17 Backscattered electron image of ilmenite and rutile forming a patchwork texture of 
intergrown crystals in JJG 2419. The rutile at the bottom of the figure clearly shows exsolution 
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Fig 3.18 Backscattered electron image of a large rutile bleb containing small blebs of ilmenite 
in BD 2394. The rutile shows exsolution lamellae of ilmenite. 
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3.3.2.6 Sulphides 
Sulphides are not as common as ilmenite and rutile - typically 2% of the mineral assemblage 
consists of sulphides. I have identified pyrite, pyrrhotite and small amounts of chalcopyrite 
occurring in association with ilmenite and, less frequently, rutile. These sulphides usually 
occur around the edges of the ilmenite and rutile associations. Typically, pyrite and small 
blebs of chalcopyrite are surrounded by the pyrrhotite. An area of chalcopyrite and 
pyrrhotite is seen in XM2 independently of either ilmenite or rutile. The sulphides occur in 
areas up to 3 x 3 mm in dimension. I have only seen sulphides in BD 2394, BD 2666, DB3 
and XM2. Petrographically, their origin appears closely linked to that of ilmenite and rutile. 
3.3.2.7 Clinopyroxene-Orthopyroxene Intergrowths 
Clinopyroxene-orthopyroxene intergrowths are the only area of the polymict peridotite in 
which clinopyroxene occurs. These intergrowths are seen in eight of the ten rocks and 
although they vary quite dramatically in size (< 5 x 5 mm up to >25 x 20 mm), they are quite 
consistent in texture. The clinopyroxene is always completely surrounded by orthopyroxene 
and in optical continuity, although it may consist of several separate areas within the 
intergrowth (see figure 3.19). In addition, the orthopyroxene always has a very distinctive 
appearance. It is made of many crystals of orthopyroxene which have irregular edges. The 
orthopyroxene crystals have a cloudy appearance as a result of the presence of very fine 
grained opaque material. This is not unlike the 'cloudiness' seen in the larger orthopyroxene 
porphyroclasts. In all cases the clinopyroxene can either form isolated areas within a large 
area of orthopyroxene or a large central area with a smaller rim of orthopyroxene. 
Dawson (1987b) describes a similar occurrence of orthopyroxene and clinopyroxene in the 
Lashaine peridotites. Dawson (1987b) interprets these intergrowths as original 
clinopyroxene being completely or partially replaced by aggregates of orthopyroxene with a 
distinctive brownish tinge which also encloses opaques and micas. Investigations into the 
optical orientations of the clinopyroxene and orthopyroxene in these intergrowths using 
Electron Backseatter Diffraction (EBSD) support this suggestion. Several spot 
measurements were made of the orientations of the cores of orthopyroxene and 
clinopyroxene in an intergrowth in polymict peridotite XM2. Figure 3.20 shows the 
stereographic projections of the results. It can be seen that the individual areas of both phases 
are all in the same orientation, which suggests that the intergrowth is one coherent grain. 
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Fig 3.19 Clinopyroxene-orthopyroxene intergrowth in JiG 513. Symbols as in fig 3 1, 
The replacement of clmopyroxene by orthopyroxene supposes a loss of Ca. There is no 
evidence of increased Ca in the replacement orthopyroxene and this suggests the operation of 
an open-system. 
All of the larger intergrowths have small phiogopite and ilmenite crystals within them and 
serpentinisation is common. 
3.4 SUMMARY 
The polymict peridotites are obviously a highly variable suite of xenoliths. This variation is 
seen within individual xenoliths and between different xenoliths. They share a common 
mineralogy of olivine,  orthopyroxene, garnet, phlogopite, ilmenite, rutile and sulphides. 
Many of the individual crystals, particularly olivine, orthopyroxene and phlogopite are also 
extensively deformed. This deformation is expressed in the form of kink banding,  undulose 
extinction, subgrain formation and rectystallisation of porphyroclasts. In terms of specific 
features, the majority of polymicts show: large deformed orthopyroxene crystals; 
porphyroclastic and neoblastic olivine; phlogopite in two intrinsically different situations 
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Fig 3.20 Equal are projections showing the alignment of the optical orientations of a) enstatite and b) diopside in a clinopyroxene-orthopyrOXene 
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(large deformed chunks and randomly oriented tiny crystals) and isolated garnet crystals 
surrounded by kelyphitic rims. 
Polymicts are best described as poorly sorted breccias of upper mantle rock fragments and 
minerals. The best petrographic indication of a wide variety of sources is the presence of 
several garnets of differing colour in the one rock, BD 2394. Unfortunately, with the 
exception of a few cases, it is difficult to unequivocally identify the individual rock clasts 
and megaciysts due to the limited size of fragments and the extent of the deformation. 
Distinctive rims or overgrowths (other than neoblasts) may be petrographically identified in 
orthopyroxenes, garnets and phlogopites. These rims may or may not be in optical 
continuity with the cores but they can also be seen as a result of the presence or absence of 
inclusions (orthopyroxenes), differences in pleochroism (phlogopite) and differences in 
colour (overgrown garnet, figure 3.14). Thus the chemical heterogeneity of an initial variety 
of mantle rock and mineral fragments has had further chemical heterogeneity developed by 
the growth of new rims around the diverse fragments. In rare cases, particularly BD 2394, 
the optical characteristics of rims are also seen in fine-grained matrix material and it appears 
that a common source, such as a percolating melt or fluid has given rise to both. 
The extensive occurrence of phlogopite (± opaques and other silicates) in between the clasts, 
coupled with the presence of pools, patches and foliae of opaques (ilmenite, rutile, sulphides) 
suggests that the matrix is a direct product of a fluid or melt, or has been extensively affected 
by such a fluid/melt in modal metasomatism. The metasomatic assemblage is very similar to 
the IRPS (ilmenite, rutile, phlogopite and sulphides) assemblage documented in the Matsoku 
peridotites (Harte et aL, 1993). This assemblage is also highly variable both within and 
between polymicts. The metasomatic matrix may be extensive or virtually absent between 
clasts. The variations in abundance of matrix and the IRPS group of minerals suggests that 
the melt/fluid involved with the rock and mineral fragments also varied in detail and 
precipitated different minerals in different situations and times. In terms of documenting the 
compositions of co-existing phases in the varying melt/fluid, particular importance attaches 
to BD 2394 where a significant fine-grained matrix volume shows garnets, phiogopites, 
orthopyroxenes and ilmenite. I interpret the matrix as being the product of direct 
crystallisation of a metasomatic melt/fluid. 
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CHAPTER 4: MAJOR-MINOR ELEMENTS 
4.1 INTRODUCTION 
The various phases and their petrographic relationships in polymict peridotites have been 
described in chapter 3. This chapter documents the major element chemical compositions 
and heterogeneities that are seen in these phases. The Cameca electron microprobe facility 
at Edinburgh University has been used to do spot analyses, line traverses and x-ray mapping 
of various crystals in different polymict peridotites. The results are compared to previous 
studies on other mantle xenoliths and the various controls on chemical composition patterns 
and heterogeneities are examined and explored. The analytical precision and error of the 
electron microprobe analyses are documented in Appendix A, along with all electron probe 
data. 
4.2 CORE AND RIM VARIATIONS IN PHASES IN POLYMICT PERII)OTITES 
Chapter 3 documents the presence of rock fragments and clasts within polymict peridotites. 
Many of the mineral grains reveal rims which are not in optical continuity with the cores. 
Variations in the core compositions have been investigated in order to elucidate the origins 
of the upper mantle rock fragments. Rim compositions have been analysed in order to assess 
the processes that have affected the xenoliths. Data are plotted in figures 4.1 - 4.10. Each 
graph takes the same format with selections of grains from various polymicts showing core 
compositions as solid symbols and rim compositions with open symbols. The same symbol 
and colour are used for each polymict throughout the whole series of diagrams (except for 
the clinopyroxene-orthopyroxene intergrowths - see figure 4.7). All plots show variations in 
Fe/(Fe+Mg) cation numbers against another cation. Occasionally, lines join cores and rims 
of the name grain, in order to outline the general trends. Representative error bars are 
indicated on each of the graphs. Detection limits for each element in each phase can be 
found in Table A.3 in Appendix A. 
4.2.1 Core and Rim variations in Orthopyroxenes 
Figure 4.1 shows the cation concentrations of various elements plotted against Fe/(Fe+Mg) 
for cores and rims of orthopyroxene crystals in eight different polymict peridotites. There 
are a wide variety of core compositions (solid symbols) which show a large range of 
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Fig 4.1 Compositional variations between cores (solid symbols) and rims (open symbols) 
of orthopyroxene in polymict peridotites. Tie lines are drawn between respective cores 
and rims of grains also analysed for their trace element composition. All elements are 
plotted as cation numbers calculated for a total of 4 cations. Representative error bars 
are shown in the corners of each plot. Where no error bar is shown, errors are within 
the symbol sizes. 
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Fe/(Fe+Mg) numbers (0.06-0.14). In contrast, it can be seen that the majority of rim 
compositions (open symbols) cluster around a common Fe/(Fe+Mg) number (0.10-0.12). 
The tie lines between cores and rims from a representative selection of crystals emphasise 
the chemical heterogeneities which exist in these orthopyroxenes and show that the 
clustering of the rim compositions around a common Fe/(Fe±Mg) number occurs 
irrespective of the core compositions. 
A few of the grains do not show heterogeneity with respect to Fe/(Fe +Mg) content but 
rather the cores and rims reveal an almost identical composition. These grains are found 
within polymict peridotites which also contain heterogeneous orthopyroxenes. This is true 
of grains in BD 2666. Two grains (0P4 and 0P5) from a section of this rock are plotted on 
figure 4.1. One of the grains is heterogeneous (OP4) and the other is homogeneous (0P5) 
and the two occur within 1 cm of each other, although this provides no indication of their 
original positions. A homogeneous orthopyroxene is also seen with an orthopyroxene of 
heterogeneous composition in XM2. 
Considering the other elements plotted in figure 4.1, it is evident that Ti contents in rims, like 
Fe/(Fe+Mg), converge on values which differ from the Ti contents of the cores. Rim 
compositions are also restricted in Ca and Mn, but these are not so markedly different from 
the core contents for these two elements. On the other hand, rims show a wide spread of Cr, 
Al and Ni contents which in the case of Al and Cr is wider than that of the respective cores. 
Orthopyroxenes were described in Chapter 3 as often having a cloudy appearance due to the 
presence of inclusions. The orthopyroxenes plotted in figure 4.1 include both a variety of 
cloudy orthopyroxenes and grains which are inclusion-free. In some instances analysis points 
have been taken from inclusion-free areas and cloudy areas within the same grain. It is 
important to note that the major element chemistry of the orthopyroxenes does not appear to 
be affected by the presence (cloudy appearance) or absence (clear appearance) of the fine 
inclusions. To illustrate this point, several grains which are petrographically different have 
been included on the plot in figure 4.1. The three grains plotted from LM I all show very 
similar major-minor element chemistries in their rims. One of the grains (OP4) has a clear 
appearance and the rim analysis was taken from an inclusion-free area. OP2 has a cloudy 
rim and this is also true of OPS. The two cloudy rims show similar compositions to the clear 
rim and it would appear that the presence of inclusions has no bearing on the major element 
chemistry of the orthopyroxenes. It is also true to say that OP2 has a rim which looks like an 
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overgrowth whereas the rims of the other two grains are not so petrographically distinct from 
the cores. Orthopyroxenes in JJG 2115 also show very similar chemistry but again 0P3 I has 
an inclusion-free core whereas ON has a cloudy core and clearer rim which looks like an 
overgrowth. 0P2 in JiG 513 has a very cloudy appearance including a cloudy rim, whilst 
the rim of JJG 513 0P9 is an inclusion-free rim, but rims of both grains show similar 
patterns. 
4.2.2. Core and Rim variations in Phiogopites 
The core and rim major element variations seen in the phlogopites in polymict peridotites are 
outlined in figure 4.2. As with the orthopyroxene cores, there is a wide variety of core 
compositions in the phlogopites. The rim compositions show a restricted range in 
Fe/(Fe+Mg) and Ti but are not as constant as in the orthopyroxenes. It can be seen that 
several rims converge upon a common Fe/(Fe+Mg) number of between 0.105 and 0.11. This 
is a similar value to that which the orthopyroxene rims converge on. However, there are also 
some rims which have lower Fe/(Fe+Mg) concentrations - between 0.805 and 0.1. There 
does not appear to be any correlation between the core composition and the rim composition 
in terms of Fe/(Fe+Mg). It is also possible to find phlogopite grains with higher and lower 
Fe rims than their associated cores in the one section, for example, LM 1. As with the 
orthop'yroxenes, there are also some homogeneous phlogopite grains. Examples of grains 
which show little variation in Fe/(Fe+Mg) between the core and rim are seen in XM2. 
With regards to Ti, most of the rims converge on a common Ti number of ca. 0.4. However, 
there are some which contain lower Ti in concentrations of between 0.05 and 0.2. These low 
Ti rims always have low Fe but high Ti rims can also show low Fe/(Fe+Mg), as in the 
phlogopites from XM2. In fact, the lower Fe/(Fe+Mg) rims also contain lower Al and Cr 
than the higher Fe/(Fe+Mg) rims with the exception of the phlogopites from XM2. With 
respect to other elements, the cores are typically more varied than the rims but both cores 
and rims show quite wide ranges. 
Petrographically, we have noted that the phlogopites can be large coherent grains with or 
without rims, and where present rims are usually obvious through their pleochroism. Grains 
of phlogopite can also be seen within areas of fine-grained phlogopite and generally these 
areas appear to be 'cementing' the other peridotitic phases. The phlogopites in BD 2666 
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Fig 4.2 Compositional variations between cores (closed symbols) and rims (open symbols) 
of phlogopite in polymict peridotites. Tie lines are drawn between respective cores and 
rims of grains also analysed for their trace element composition. All elements are plotted 
as cation numbers calculated to a total of 16 cations. Representative error bars are 
shown in the corners of each plot. Where no error bar is shown, errors are within the 
symbol sizes. 
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which are found in such fine-grained matrix areas. For comparison purposes, the phlogopite 
grains in XM2 which show low Fe/(Fe+Mg) concentrations in their cores and rims are small 
grains which are in association with garnet and olivine grains. They are also associated with 
serpentinite. The phlogopite grains in LM I show low Fe cores and higher Fe rims which 
converge in terms of their compositions. These two grains are quite large and one shows a 
distinct rim. 
4.2.3 Core and Rim variations in Garnets 
Chapter 3 describes a variety of different coloured, large ( 0.2— 1 cm), garnet crystals 
present in polymict peridotites. Mantle garnets in association with kimberlites have been 
commonly classified on the basis of their CaO and Cr 203 contents. Sobolev (1977) showed 
that garnets from harzburgites from Yakutia plot in a broad field at low CaO content, whilst 
those from lherzolites plot at higher CaO contents with a positive CaO-Cr203 correlation. 
Sobolev (1977) called this correlation the 'lherzolite trend'. Gurney (1984) adapted terms 
from Dawson and Stephens (1975) and used GI 0 for garnets from the harzburgite 
paragenesis and G9 for garnets from the lherzolite paragenesis. Gurney (1984) also defined 
eclogitic garnets as containing less than 2 wt% Cr 203 . Figure 4.3a illustrates the 
composition fields for peridotites and megacrysts from the Jagersfontein kimberlite pipe 
(adapted after Burgess and Harte, 1999). 
Garnets from four polymict peridotites are plotted on a CaO/ Cr 203 diagram in figure 4.3b 
and show a range of lherzolitic and megacrystic compositions. Cores and rims of garnet 
crystals are plotted on this diagram. A garnet core composition of eclogite paragenesis, with 
high CaO, is also seen in RD 2394. BD 2394 also includes the purple garnet with an orange 
garnet overgrowth (see figure 3.14), which is unlike any other garnet I have seen in the 
polymict peridotites. Core and rim compositions of both the purple core and the orange 
overgrowth have been plotted on figure 4.3b. These have been specifically labelled. The 
purple core, with 5 wt% CaO and 4 wt% Cr 203, falls within the compositional boundaries of 
garnets from lherzolites but the orange overgrowth displays lower concentrations of both 
Cao and Cr203 (3.5% and 2.5% respectively). The rim of the purple core shows a very small 
decrease in CaO wt% compared to the core. The orange overgrowth also shows a decrease 
in CaO wt% towards its rim. This is possibly the result of exchange of elements by diffusion 
between the purple core and the orange overgrowth, the loss of Ca in the rim of the purple 
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Fig 4.3a) The CaO-Cr20 3  diagram for peridotitic garnets from the Jagersfontein 
kimberlite pipe; adapted from Burgess and Harte (1999). The dashed lines outline 
the main compositional fields found for homogeneous peridotitic garnets. The solid 
line represents the field of compositions of megacrystic garnets. b)Garnets from 
polymict peridotites plotted on the CaO-Cr203 diagram. Tie-lines are drawn between 
respective cores (closed symbols) and rims (open symbols) of grains. 
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inner rim (adjacent to the purple core) of the overgrowth driving its core composition to be 
similar to that of the purple core. 
Overall chemical heterogeneities are not as prevalent in garnet crystals as in the other phases. 
Aside from the overgrown garnet in BD 2394, there are only four garnets showing a 
signifi?ant heterogeneity amongst the twelve which are plotted in figure 4.3b. Two garnets 
in XM2 (GTI and 0T2) show decreasing CaO and slightly decreasing Cr 2O3 in their rims. 
One garnet in LM I (GT4) shows a significant increase in both CaO and Cr 203 in its rim. 
An orange garnet in BD 2394 (GT2) shows an increase in CaO with a slight increase in 
Cr203  in its rim. Cores and rims of all heterogeneous garnets are linked by an arrow. It is 
notable that all the rim compositions including those for BD 2394 which includes eclogitic 
garnet cores, plot in the field of low Ca and Cr lherzolites. This is a similar field of 
composition which Burgess and Matte (1999) found for garnet rims formed by melt 
metasomatism in a wide range of peridotite xenoliths at Jagersfontein. 
Figure 4.4 shows plots of Fe/(Fe+Mg) versus Ti, Cr, Ca and Al for the same garnet crystals. 
The core compositions show a wide variety of compositions with respect to both Fe and Ti. 
As with orthopyroxenes and phlogopites, the majority of garnets show a convergence of rim 
compositions in terms of Fe/(Fe+Mg) number. In grains showing chemical heterogeneity, 
rims fall between 0.17 and 0.25 Fe/(Fe+Mg). There is also some distinction between cores 
and rims in Ti content and although the rim compositions are not clustered, they converge on 
a relatively enriched composition of between 0.035 and 0.06 cations of Ti. Several garnet 
grains are clearly homogeneous with respect to Ti and Fe. The heterogeneous garnets have 
similar Ca concentrations in their rims (between 0.6 and 0.8 cations) and Al concentrations 
are moderately restricted (between 3 and 3.8 cations), but there is a wide spread of Cr 
concentrations. 
In the heterogeneous garnets, there may or may not be petrographic evidence of zoning or 
separate rim compositions. In XM2, the garnets show rims which are more highly fractured 
than the cores. GTI in RD 2394 shows a clear overgrowth of garnet of different 
composition. The orange garnet in BD 2394, which is also heterogeneous does not show any 
petrographic evidence of this chemical heterogeneity. These two garnets are very close 
spatially with only 2 mm between the orange garnet and the overgrowth around GTI. The 
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Fig 4.4 Compositional variations between cores (solid symbols) and nms (open symbols) 
of garnet in polymict peridotites. Tie lines are drawn between respective cores and rims 
of grains also analysed for their trace element composition. All elements are plotted as 
cation numbers calculated to a total of 8 cations. Representative error bars are shown 
in the corners of each plot. Where no error bar is shown, errors are within the symbol 
sizes. 
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4.2.4 Core and Rim variations in Olivines 
Figure 4.5 shows Fe/(Fe+Mg) versus Ni and Mn for various olivine grains in polymict 
peridotites. These graphs also show the chemical composition of representative neoblasts 
(see Chapter 3) from some of the polymicts. The neoblast compositions are plotted as star 
shapes in the same colour as the cores and rims from the same polymict. The olivine grains 
show a variety of core compositions with respect to Fe/(Fe+Mg) number and Ni cation 
content. Generally the cores of large olivine grains are relatively low in Fe/Fe+Mg (between 
0.07 and 0.09) but there are examples of more Fe-rich grains in LM I and JJG 2419. The 
rims show a clustering of Fe/( e-l-Mg) number as has been seen in several phases. Typically 
this number is between 0.095 and 0.12. Two olivine grains show low Fe contents in their 
rims but the rim compositions are much higher than the core compositions and more 
comparable to the general rim Fe/(Fe+Mg) composition. This trend in rim compositions is 
highlighted by one of the grains in LM I (0L2) which has a core that is very rich in Fe 
(Fef(Fe+Mg) is 0.14) and yet its rim composition is lower in Fe and plots with the other rim 
compositions. This shows that there is convergence of rim compositions rather than simply 
enrichment in Fe. This is consistent with trends seen in the other silicate phases. 
Homogeneous and heterogeneous olivines are seen within a single thin section, as is the case 
of garnets and orthopyroxenes. In JiG 2419 two large, coherent grains, which show little 
recrystallisation to neoblasts, contain chemical heterogeneities that follow the general trend 
described above. 
The neoblasts show compositions which lie within the field defined by the rims. As noted in 
Chapter 3, the neoblasts are typically seen as products of recrystallisation at the rims of 
coarse olivine grains. The neoblasts may have developed their high Fe/(Fe±Mg) at the time 
of recrystallisation or they may represent the recrystallised rims of grains which have 
previously been chemically modified. A homogeneous olivine which shows high Fe in both 
its core and rim is extensively recrystallised to neoblasts. In some cases (JiG 1414 and XM2 
in particular) the neoblasts show higher Fe concentrations than the rim compositions and it is 
suggested that the rims of these grains have been rather extensively recrystallised such that 
what remains of the grain itself is largely the original core. The increased Fe content at the 
rims of these remaining cores has implications for the method of modification of the grains 
in the first instance. This is discussed further in section 4.5. 
M. 
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Fig 45 Compositional variations between cores (solid symbols) and rims (open symbols) of olivine in 
polymict peridotites. A representative neoblast composition is plotted with star symbols in the same 
colour as the cores and rims of grains in the same xenolith. Tie lines are drawn between respective 
cores and rims of grains also analysed for their trace element composition. All elements are plotted as 
cation numbers calculated for a total of 3 cations. Representative errors bars are indicated. 
4.2.5 Core and Rim variations in Umenites 
The composition of ilmenites in polymict peridotites is plotted on figure 4.6. The ilmenites 
are far more Fe-rich than the other phases with all the cores and rims showing compositions 
of over 0.45 Fe/(Fe+Mg). A convergence of the rim compositions with respect to 
Fe/(Fe+Mg) is still apparent although in general, unlike the silicates, the rims are more often 
lower in Fe than the cores. Wyatt and Lawless (1984) document a strong zoning of 
increasing Cr 203  towards the rims of ilmenites in polymict peridotites, which is accompanied 
by depletion in the level of A1 203 . JiG 1414 shows these trends and although apparent, they 
are not as strongly developed in the other polymicts. Occasionally, homogeneity with 
respect to Fe/(Fe+Mg) is seen in an ilmenite grain. As in the silicates, homogeneous and 
heterogeneous grains are seen within single polymict peridotites (e.g. JiG 2419). 
The ilmenites which are plotted in figure 4.6 include a selection of the textures described in 
Chapter 3. There is no correlation between the chemical composition and the textures. This 
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Fig 4.6 Compositional variations between cores (closed symbols) and rims (open 
symbols)of ilmenite in polymict peridotites. All elements are plotted as cation numbers 
for a total of 2 cations. Tie lines are drawn between respective cores and rims for both 
Ti variation (as in previous graphs) and Cr variation (to clarify the trends). Representative 
error bars are shown in the corners of each plot. Where no error bar is shown, errors 
are within the symbol sizes. 
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4.2.6 Clinopyroxene —orthopyroxene intergrowths 
The Fe/(Fe+Mg) content of both orthopyroxene and clinopyroxene in the clinopyroxene-
orthopyroxene intergrowths is plotted against Ti in figure 4.7. The orthopyroxene in these 
intergrowths consists of a mass of intergrown orthopyroxene crystals (see figure 3.19) and as 
such the cores and rims of these individual grains have been analysed. Figure 4.7 shows the 
chemical composition of both grains at the margin and in the interior of the intergrowth. 
lntergrowths from two polymicts, XM2 and JJG 513, are presented. In relation to the 
chemical composition of the separate orthopyroxene grains (see section 4.2.1), the 
orthopyroxenes in the intergrowths show little variation in Fe/(Fe+Mg) and Ti. Both cores 
and rims show Fe/(Fe+Mg) values of 0.094 to 0.117, which is very close to the FeJFe+Mg 
number of the rims (0.1 —0.12) of separate orthopyroxene grains. Generally the core 
compositions usually show the extremes of the small chemical variation seen, with the rims 
converging on an even smaller compositional range. The convergence of rim compositions 
in separate mineral grains is shown by the orthopyroxenes from the intergrowth in JJG 513. 
There is no particular chemical signature which distinguishes the interior orthopyroxenes 
from the margin orthopyroxenes in these intergrowths. This is true of Cr, Al and Mn 
concentration in the orthopyroxenes although there is slightly more variation between cores 
and rims in terms of Al and Cr than Ti and Mn. 
The clinopyroxene compositions fall within the range of Fe/(Fe+Mg) shown by the 
orthopyroxenes. Again there is a very small difference in the core and the rim compositions 
and in the intergrowth in JJG 513, it can be seen that the orthopyroxene rims and the 
clinopyroxene rim converge on a Fe/(Fe+Mg) value of approximately 0. 106. This pattern is 
not so well developed in the intergrowth in XM2. In terms of Ti, Al and Cr, the 
clinopyroxenes are essentially homogeneous but the clinopyroxene in JJG 513 shows a small 
decrease in Mn in its rims. 
4.2.7 Comparison with the matrix in BD 2394 
Polymict BD 2394 shows distinct areas of fine grain size containing intergrown garnet, 
phiogopite, orthopyroxene and ilmenites (see figures 3.7 and 3.8). They present the 
appearance of potential fine-grained matrix crystallised interstitially between an array of 
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Fig 4.7 Compositional variations between cores and rims of clinopyroxene and 
orthopyroxerle in cIinopyroxeneorthOPYroXefle intergrowths in polymict peridotites. All 
elements are plotted as cation numbers calculated for a total of 4 cations. The legend is 
slightly different to that of previous graphs with different coloured symbols used to 
distinguish interior and margin orthopyroxene grains in the same intergrowth. The terms 
interior' and margin' are used to indicate the position of the orthopyroxene grain within 
the aggregates that surround the clinopyroxeneS within the intergrowths. Closed symbols 
indicate core compositions and open symbols indicate rim compositions for both the 
orthopyroxefleS and clinopyroxenes. Representative error bars are shown for the 
clinopyroxefle compositions in the corners of each plot. Error for orthopyroxene 
compositions are as in figure 4.1. Where no error bar is shown, errors are within the 
symbol sizes. 
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crystallised directly from the interstitial melt/fluid in the polymict peridotites. Major 
element analyses of the minerals in this matrix aggregate reveal each phase to be 
homogeneous. In figure 4.8 these chemical compositions are plotted with representative 
orthopyroxene (figure 4.8a), phlogopite (figure 4.8b) and ilmenite (figure 4.8c) clasts. Each 
graph shows Fe/(Fe+Mg) against Ti. Figure 4.9a shows Fe/(Fe+Mg) against Ti for garnet 
clasts and matrix compositions and figure 4.9b shows the same garnets plotted on the CaO-
Cr203 diagram. 
It can be seen that these 'fine-gained matrix intergrowth' ('matrix' for short) phases show 
chemical compositions which are comparable to the rim Fe/(Fe+Mg) compositions of 
heterogeneous orthopyroxenes, phlogopites and garnets. In the case of the phlogopites, the 
two compositions are similar with respect to both Fe/(Fe+Mg) number and Ti cation number. 
The matrix orthopyroxene compositions are not as well constrained with respect to Ti cation 
number but their Fe/(Fe+Mg) number corresponds well with that shown by the rims of the 
orthopyroxene clasts. The ilmenites in the matrix area show a range of Fe/(Fe+Mg) numbers 
which overlaps with the range shown by many of the ilmenite clasts in the polymicts. The 
matrix ilmenites are considerably lower in Ti than the larger clasts, however. 
The matrix garnets are tightly constrained with respect to Fe/(Fe+Mg) number and where 
heterogeneous garnet clasts are seen in the polymicts, the rims show similar Fe compositions 
to these matrix garnets. The general spread of Ti cation number seen in the matrix garnets 
overlaps that of the garnet rims. The matrix garnets are also plotted on the CaO/Cr 203 
diagram (figure 4.9b). They fall onto the low CaO and Cr 203 end of the lherzolite line, but 
are not coincidental with all of the garnet rims. 
4.3 SUMMARY AND RELATIVE COMPOSITIONS OF CO-EXISTING PHASES 
The chemical compositions of the phases in polymict peridotites show a wide variety of core 
compositions and a more restricted range of rim compositions; such restriction applying 
particularly with respect to Fe/(Fe+Mg) and to a lesser extent with respect to Ti, Mn and Ca. 
For Cr, Al and Ni, rim compositions are generally no more restricted than the core 
compositions. Mineral grains forming neoblasts or fine-gained matrix are generally similar 
to rims in chemical composition. There is a broad distribution of core compositions which is 
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Fig 4.8 Variations in Ti against Fe/(Fe+Mg) 
in the cores (closed symbols) and rims 
(open symbols) of a) orttiopyroxenes, 
b) phlogopites, and C) ilmenites 
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Fig 4.9 Variations in the core and rim compositions of garnets in polymict peridotites 
compared to the compositions of garnets in the fine-grained matrix intergrowth area of 
BD 2394 (indicated as matrix in the key) a) Fe/(Fe+Mg) against Ti and b) CaO (wt%) 
against Cr203 (wt%). 
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and supports the definition of these rocks as being mantle breccias. The presence of such a 
wide variety of compositions within the individual polymicts (particularly shown by the 
variety of garnet clasts within BD2394 and LM 1) indicates that a potentially large area of 
the upper mantle has been sampled in the creation of these xenoliths. Figure 4.10 shows 
core compositions of orthopyroxene, phlogopite and olivine plotted with data from other 
xenoliths, which have been previously studied and analysed. These diagrams are not so 
much a comparison with other similar studies (see Chapter 5) as a mere comparison of the 
range of compositions seen in other mantle xenoliths. The data for comparison includes 
Matsoku (LBM 32 data analysed in this study, see Chapter 7), Jagersfontein megacrysts, 
coarse low temperature, medium temperature and hot deformed lherzolites and harzburgites 
(Burgess 1997), Bultfontein xenoliths (Lawless, 1978; Jones et all, 1982), MARID xenoliths 
(Dawson and Smith, 1977) and Monastery megacrysts (Jakob, 1977). Each suite of 
xenoliths plotted as a comparison is shown using the same symbols in each plot. It can be 
seen that in any one polymict there is a wide variety of core compositions which embraces 
compositions shown by phases in cold coarse peridotites, deformed peridotites, megacrysts 
and in the case of phlogopites, the MARID suite. This compositional variety found within 
the phases is much wider in one polymict than is seen in any other single peridotite. The 
compositional variety seen in the cores of garnets in polymict peridotites is illustrated in 
figure 4.3. Garnets of lherzolitic, eclogitic and megacrystic parageneses can be found within 
BD 2394. 
The restricted compositional range of the rims, within the polymict suite as a whole, in 
comparison with the diversity of cores is interpreted as a product of some chemical 
modification process which was similar in all the polymict peridotites. It has been suggested 
(Lawless et al., 1979) that the clasts in polymicts have been metasomatised through 
interaction with a mantle fluid and the results of major element analysis outlined in the 
previous sections supports this suggestion. Given that the metasomatism also results in 
crystallisation of silicate minerals, by addition to rims and in the matrix, it seems most likely 
that a silicate melt is the cause of metasomatism. 
Figure 4.11 shows log Ti and log Ca against Fe/(Fe+Mg) of the rims of phlogopites, 
orthopyroxenes, garnets and clinopyroxenes in selected polymict peridotites. Tie lines have 
been drawn between phases belonging to the same xenolith. In general the tie-line array is 
suggestive of a set of phases in equilibrium with one another, with tie-lines connecting 
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Fig 4.10 a)Orthopyroxene, b)phlogopite and c)olivine core compositions in polymict 
peridotites (indicated by the square fields) compared to compositions seen in other 
xenoliths. All Bultfontein data is from Lawless (1978) and Jones eta! (1982), 
Jagersfontein data (Jagers) is from Burgess (1997), Monastery megacryst data (Mon 
megs) is from Jakob (1977), MARIO data is from Dawson and Smith (1977) and 
Matsoku data was collected during this study (see Appendix A). 
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Fig 4.11 Log a) Ti and b) Ca of the rims of orthopyroxenes, garnets, phiogopites and clinopyroxenes 
plotted against Fe/Fe+Mg). Tic lines join rims which occur in the same xenolith. 
Fe/(Fe+Mg) is also consistent with the crystallisation from an evolving melt undergoing 
fractionation - perhaps by virtue of crystallising metasomatic rims. 
The fine-grained matrix region in BD 2394 appears to be the product of direct crystallisation 
of the entraining silicate melt (see Chapter 3), and the phases in this fine-grained area are 
reasonably homogeneous in composition and similar to those of the rims of the clasts. Thus 
it is suggested that the melt which crystallised to form this matrix was responsible for the 
metasomatism of the clasts in BD 2394. This is particularly supported in BD2394 by the 
presence of an overgrowth on a purple garnet (see figure 3.14 in Chapter 3 and figures 4.3 
and 4.4 above) which has a composition very close to that of some of the garnets in the area 
of melt. The fact that the phases in this area of crystallised melt also have similar 
compositions to the rims of grains in other polymicts implies that a melt of similar 
composition has also been responsible for metasomatism of the grains in other polymicts. 
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Similar matrix melt crystallisation areas have not been seen in the sections of other 
polymicts but presence of IRPS minerals and chemical heterogeneities in the clasts supports 
the idea. This theory of metasomatism by silicate melt is in accordance with the ideas put 
forward by Lawless (1978) and Lawless et al. (1979) in the preliminary studies of these 
rocks (see Chapter 2). 
The chemical compositions of the phases within polymict peridotites do not always reveal 
such heterogeneities as discussed above and indeed homogeneous grains can be found in 
close proximity to grains which have undergone modification. In addition to this, a range of 
rim compositions can be seen with respect to elements other than Fe and-Mg and, in the case 
of phlogopites and ilmenites a small range of Fe and Mg as well. I propose a situation 
whereby very localised equilibrium occurs between the metasomatising fluid and the grains 
in polymicts. Such a situation might arise if the metasomatising fluid was present in small 
volumes and, therefore, interacting with selected grains within the polymict rather than all of 
the grains. It is also true to say that small volume fluids and melts will be evolving relatively 
quickly, which can account for any chemical variation seen between rims. This situation may 
therefore explain the presence of homogeneous and heterogeneous grains within the one 
rock. 
The clinopyroxene-orthopyroxene intergrowths show slight heterogeneities in terms of core 
and rim variations. This evidence that they have interacted with the melt, albeit not to the 
same extent as some of the other crystals is supported by the presence of small phlogopite 
and ilthenite grains between the orthopyroxene grains (see Chapter 3, figure 3.19). It is 
difficult to infer what part the clinopyroxene-orthopyroxene intergrowths had in the 
formation and metasomatism of the polymict peridotites or indeed how they themselves 
formed. Dawson (1987) reports a very similar occurrence of clinopyroxene and 
orthopyroxene in the Lashaine "flushed" peridotites. Dawson (1987) attributes these 
intergrowths to partial or complete replacement of the clinopyroxene by aggregates of 
orthopyroxene and lesser amounts of ilmenite and phlogopite. This is supported by the 
results of Electron Backscatter Diffraction (EBSD) analysis (see Chapter 3). It is possible 
that these intergrowths are just another type of clast which has been entrained within the 
breccia that is a polymict peridotite. However, it is difficult to explain why these 
intergrowths are the only occurrence of clinopyroxene which are seen in the xenoliths. 
Comparisons to other studies of metasomatism and mechanisms by which the metasomatism 
has occurred are discussed in the following chapter. 
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4.4 THE SHAPE OF CHEMICAL GEOMETRIES IN POLYMICT PERIDOTITES 
4.4.1 Controls on chemical geometries 
The interpretation of zoned minerals has been discussed by Spear (1993, Chapter 17) who 
finds two important causes, growth and diffusion. These processes result in different 
chemical profiles across grains and, therefore, it is possible to distinguish between the two. 
4.4.1.1 The Control of Diffusion 
The theory of diffusion is discussed by Lavenda (1985) and its application to minerals by 
Tracy (1982) and Spear (1993). This section discusses the shapes of chemical profiles which 
may result from this process. Diffusion involves the movement of chemical components 
within the grain and between the grain and its surrounding matrix, with changes in chemical 
composition being driven by differences in chemical potential. In an equilibrium situation, 
i.e. when a grain of uniform chemical composition is in chemical equilibrium with its 
surrounding matrix, atoms can randomly move through the matrix and the grain lattice by 
diffusion. in this situation the atomic flux occurs equally in different directions, there are no 
net chpges in chemical composition and the chemical potential of each component in the 
mineral grain and surrounding matrix are identical. A change in the chemical potential of 
the matrix can result from changes in pressure and temperature, or a change in the bulk 
composition of the system, for example due to the influx of melt. The chemical potential of 
the grain rim, which is in contact with the matrix, also changes to maintain thermodynamic 
equilibrium. As a result, atoms will diffuse preferentially from high energy sites (e.g. in the 
matrix) to lower energy sites (e.g. in the grain rim). This also creates a concentration 
gradient, within the grain, because there are more atoms in the rim than in the core of the 
grain and diffusion in the grain will proceed in order to remove this chemical inhomogeneity 
and restore chemical equilibrium. The shape of diffusion profiles corresponds to that of an 
error function (erf) curve, but the magnitude of compositional differences will change with 
time and eventually the grain will attain a homogeneous composition. Of course this will 
change if the chemical potential of the surrounding matrix does not remain constant. It is 
important to remember that the chemical composition of an infiltrating fluid will evolve as it 
moves through the rock due to exchange of elements with the minerals in the rock. 
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4.4.1.2 The Control of Growth 
Changes of chemical equilibria due to the influx of a fluid into rock can also result in new 
growth, for example, around the rim of a garnet grain. The resultant geometry of chemical 
variation in the newly grown rim depends on the position of the equilibria during that 
growth. If the chemical potential of the matrix is constant during growth then the chemical 
variation in the new rim of the grain will be constant and the profile for that rim will be flat. 
If the chemical potential of the matrix changes during growth, for example, if the infiltrating 
melt is fractionating, due to crystallisation, the abundances of components in the new rim 
will vary with distance away from the original grain. The important observation in these 
situations is that the new garnet growth will initially have a very sharp compositional 
interface with the original garnet core. 
4.4.1.3 The Control of Growth and Diffusion 
The above growth and diffusion profiles must be seen as two end-members to the range of 
geometries of chemical variations which are seen within grains. Due to the high ambient 
temperature of mantle peridotites, the two processes must be considered together. For 
example, Smith and Boyd (1987, 1989), Harte et al. (1987) and Griffin et al. (1989b) have 
pointed out the short time-scale (thousands to hundreds of thousands of years) over which 
initial growth heterogeneities in mantle garnets may homogenise due to diffusion. Sharp 
concentration gradients resulting from overgrowths on grains may therefore be modified in 
mantle xenoliths. Imagine a situation whereby a fluid infiltrates a rock and causes a change 
in the chemical equilibria which results in new growth around a garnet grain. Asssuming 
that the position of chemical equilibrium is maintained during growth and, therefore, that the 
composition of the garnet in contact with the matrix remains the same, then diffusion 
betwein the core and the new rim will proceed as described above, providing that the growth 
has occurred on a smaller timescale than that over which diffusion is effective. The profile 
of the chemical variation will change as diffusion removes the sharp break in composition 
which has occurred as the result of new growth. An inflection between the two compositions 
will, however, usually be maintained although over a long period of time before the process 
of diffusion completely homogenises the mineral grain. 
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4.4.1.4 The Control of Cracking, Annealing and Diffusion 
If mineral grains fracture during fluid/melt infiltration then growth or growth plus diffusion 
can also occur along the fracture surfaces in minerals. This produces zones of variable 
composition cross-cutting mineral grains. The composition of the new growth which infills 
the cracks is controlled by the composition of the infiltrating chemical medium and will, 
therefore, only be constant if the infiltrating fluid is constant during growth. The infilled 
cracks will have compositions similar to the compositions at the grain rims. Diffusion 
between the cracks and the original cores of grains can destroy the evidence of growth over 
time. 
Matthews ci at (1992) undertook a detailed electron microprobe and backscattered electron 
study on growth and diffusion patterns in garnet in Matsoku xenoliths. They report a series 
of sharp cross-cutting zones in a garnet grain, which have the appearance of fractures but are 
infilled with garnet. These cross-cutting zones have an origin at the rim of the grains or stem 
from another cross-cut which does. The composition of the infilling garnet is relatively 
constant along the cross-cuts, though there is some evidence of diffusion between the new 
garnet and the core garnet. Matthews ci al. (1992) attribute cracking of the grains to a 
hydraulic fracture process (Hubbert and Rubey, 1959) resulting from fluid/melt infiltration. 
Transport of the fluid was initially instantaneous in relation to transport by diffusion into the 
garnet body (Matthews etal., 1992). Following this study, Matthews etal. (1992) 
investigated previous data documenting zonations within peridotite phases and found that 
growth around margins of grains and cracking and infilling can be used to explain several 
chemical variations that have been described (e.g. Smith and Ehrenberg, 1984; Hops ci al., 
1989). It was concluded that the role and extent of volume diffusion is rather less than has 
previously been expected (Matthews etal., 1992). 
4.4.1.5 The Control of Resorption 
In some cases dissolution or resorption of an unstable composition may control the geometry 
of chemical variation within mineral grains. Two main features may be ascribed to this 
process, convolute grain boundaries (e.g. Smith and Boyd, 1989) and rim enrichment of 
compatible elements (e.g. Smith and Ehrenberg, 1984). In an unstable grain, the rim of the 
grain dan react away. If an element is highly compatible with the reacting phase but highly 
incompatible in the surrounding matrix, it will be preferentially retained within the grain rim 
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as the rim reacts away. A concentration gradient arises in the same way as during diffusion. 
The resulting profile of chemical variation, therefore, will partly resemble that of diffusion 
but the affected rim will show higher compatible element concentrations than the core and 
matrix. Thus control by resorption may be recognised in two ways: firstly from the 
component enriched on grain rims and secondly from the geometry of the grain rim which 
may be complex and embayed due to variations in the rate of resorption. The shape of 
diffusion gradients will be controlled by the relative rates of resorption and dissolution. 
4.4.2 The shape of chemical geometries in polymict peridotites 
The results of spot analysis by electron microprobe have been shown to reveal chemical 
heterogeneities in the phases in polymict peridotites. Automatic line composition traverses, 
particularly of orthopyroxene and phiogopite grains have been performed, again with the use 
of the electron microprobe, in order to assess the processes which might have given rise to 
these heterogeneities. Attention has been focused on orthopyroxenes and phlogopites as they 
show the largest variations in terms of the number of elements whose compositions have 
been affected and which are present at detectable levels. One garnet has also been studied in 
this manner. X-ray mapping techniques have also been employed to give an indication of 
the scale of variation and the geometry of that variation within the whole crystal. X-ray 
maps have been produced for each of the grains which have been analysed by line traverse. 
The chemical variation shown by these maps is indicated with the use of a colour scale, 
which is reproduced in each of the figures. Dark blue and purple indicates low concentration 
of an element, green indicates higher concentrations and red shows much higher 
concentrations. 
4.4.2.1 Orthopyroxenes 
X-ray maps of two orthopyroxenes in JiG 2115 can be seen in figures 4.12a and 4.13a. Line 
traverses from rim to core of these two orthopyroxenes are shown in figures 4.12b and 4.13b. 
The line of the profile is clearly marked on the x-ray maps. These two orthopyroxene grains 
are in close proximity (within a few mms of each other) within the one inch round section 
and yet trace element analysis has revealed that their rims are distinctly different (see 
Chapter 6, figure 6.2). In terms of major elements, however, they show many similarities. 
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Firstly the X-ray maps show similar patterns of chemical variation within the two grains. The 
rims in both cases and show increased Fe and slightly increased Ti relative to the cores. In 
terms of Al and Cr, there appears to be an inner rim which is distinct from the core and outer 
rim of the grain. Cr and Al are increased in this inner rim relative to both the core and the 
outer rim but Fe and Ti do not define this inner rim. There is a sharp boundary between the 
core and inner rim and between the inner rim and outer rim in each map although there is a 
slight indication that diffusion might have started taking place between the rim and core and 
inner rim and outer rim. This is particularly evident in the map of Cr distribution in JJG 
2115 0P3 I (figure 4.12a). Figures 4.12a and 4.13a show evidence of cracks within the 
grains. Figure 4.13a shows that the core of ON is quite extensively cracked. The Fe and 
Al and Cr maps reveal different patterns of cracks in this grain. Some of the cracks show 
similar Fe compositions to the rim of the grains but these cracks are not apparent in the Al 
and Cr maps. It is possible that the cracks seen in the Fe map have been annealed with high 
Fe orthopyroxene. This is supported by petrographic observations since the cracks showing 
high Fe compositions are not apparent microscopically. This is suggestive of the cracks 
having been infilled with orthopyroxene of a similar composition to the rim of the grain. 
The cracks seen in the maps of Al and Cr composition can be identified petrographically and 
therefore appear not to have been annealed but rather to have resulted from a later stage of 
deformati&i. The high Al content of these cracks could be the product of late stage 
alteration associated with eruption in the kimberlite. The maps of JiG 2115 0P3 I (figure 
4.13a) reveal cracks in the rim of this grain which are also evident petrographically and are, 
therefore, thought to be late-stage deformational features. 
The line traverses in figures 4.12b and 4.13b quantify the variations revealed in the x-ray 
maps. The variations across the rims as described in the x-ray maps are evident in the line 
traverses. In the case of JiG 0P3 I (figure 4.12b), the line traverse for Fe shows a flat core 
and rim with increased Fe in the rim relative to the core. The transition from rim to core at 
130 microns is clearly quite sharp and not strongly modified by diffusion. Mg is low in the 
rim relative to the core and there is a decrease just before the core area. Al shows relatively 
constant concentrations in the core and rim but shows an increase with respect to core and 
most of the rim in a region between 100 and 140 microns away from the rim edge. Again it 
appears that any diffusion, between this area of high concentration Al and the lower 
conceqtrations on either side, must be limited. Ti is higher in the rim than the core and its 





Fig 4.12a X-ray maps showing the compositional variation in Fe, Al, Ti and Cr in JJG 2115 
0P31. Low electron microprobe count rates are represented by shades of purple and blue 
and high count rates by shades of orange and red. The colour bar indicates the range of 
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Fig 4.12b Line traverse of the chemical variation from rim to core of JJG 2115 0P31. 
Concentrations on the y axis in cations calculated to a total of 4 cations. Where errors 
are outside of the symbol size, a representative error bar is indicated. 
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Fig 4.13a X-ray maps showing the compositional variation in Fe, Al, Ti and Cr in JJG 2115 
0P4. Low electron microprobe count rates are represented by shades of purple and blue and 
high count rates by shades of orange and red. The colour bar indicates the range of colours in 
between these two extremes. See figure 4.13b for actual concentrations. The cracks which 
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Fig 4.13b Line traverse of the chemical variation from rim to core of JJG 2115 0P4. 
Concentrations on the y axis in cations calculated to a total of 4 cations. Where errors 
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The Ca and Cr patterns are very similar in ON showing a slight decrease in rim composition 
at 100 microns and then a sharp increase before revealing reasonably constant concentrations 
of both elements in the core. Data points indicate that the steep increase between 100 and 
125 microns, is gradual rather than a sharp change between rim and core. In all cases there 
are suggestions of a possible narrow diffusion gradient at the core margin in JJG 2115 031. 
The variations across the rim appear to be dominated by growth and perhaps resorption 
events with the most consistent change at 25 microns where Cr, Ti and Al are decreased 
relative to the inner rim. Ca is also lower in concentration in the outer rim here and Mg is 
slightly increased. 
JJG 2115 ON shows many of these features in its line traverse. The inner rim is well 
developed, but the outer rim is very narrow at the point at which the traverse was taken. 
Consequently the decrease in Ti, Ca, Cr, Al and increase in Mg of the outer rim is marked 
only by one data point at the very edge of the grain. The outer rim is well defined in the x-
ray maps at other places around the grain however (figure 4.13a). Asa result of the position 
of the traverse in 0P4, the inner rim looks much larger than in 031. It shows high Fe, Al, 
Ti, Ca, Cr and low Mg relative to the core. The data points show evidence of a small 
transitional, potentially diffusional zone between the inner rim and core - this matches that 
possibly seen in 0P3 1, but the distribution of data points makes it clearer. The x-ray maps 
do not advocate that extensive diffusion has taken place. The transition between the inner 
rim and the outer rim is marked by a sharp change in concentration. One further point about 
the line traverse of JiG 2115 ON is the Al and Ti content of the inner rim steadily decreases 
towards the core. This is balanced by a steady increase in Ca and Cr towards the core. This 
is not seen in JJG 031. 
An orthopyroxene grain from LM I has also been traversed and mapped to investigate the 
variations in chemical composition. Figures 4.14a and 4.14b show the results of the map 
and the traverse. The boundary between the core and the rim is sharp, as in the JJG 2115 
orthopyroxenes. The core of LM I OP2 has been cracked and annealed. The cracks in the 
core of this grain are consistent for all four maps and the infilling orthopyroxene shows 
higher Al and Fe than the rest of the core but decreased Mg and Cr. The fluctuations in the 
rim chemistry of OP2 might also be due to cracking of the grain but there is no petrographic 
evidence to support the suggestion that these rims have been annealed. 
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Fig 4.14a X-ray maps showing the compositional variation in Fe, Mg, Al and Cr in LM I 0P2. 
Low electron microprobe count rates are represented by shades of purple and blue and high 
count rates by shades of orange and red. The colour bar indicates the range of colours in 









0 	 100 	200 	300 	400 	500 	600 
1.8 
••••• ••• I 
1.75 • 
C, n.' , 	••. 	•. 	 • 	• •. l. • l,I.4.. I  
•• ••• 	• • • 	•••. 
1.65 	 • •• • 
1.6 
0 	 100 	 200 	300 	400 	500 	600 
0.06 
0.05• 	 . 
0.04, 	• 
•. 	•+•. 
0.03; ••. 	•. 	
••. 	.•.. 	• •. 
0.02 
0.01 	 •••...•• ••. 4 
0 I 







F 0 . 006 
• • 	•.. 	• • •. 	•.• 
0.004 • 	. •. • 	I III . 	 • •III 
0.002 
0 




• 	• 	 I 
m 	0.03 
U I 	 • • • 
0.02 .• 	 • • •.. 	I 	 1111. 111 •I. 
0.01 
0 - 
100 	 200 	300 	400 	 500 	 600 0.2 
0.15 I 
al • 	• 	• I 
••I. 11.11111 	. • . . 	• • 
0.05• .• 	 elI, 	 ••••e•.• •.. i 
I 0• 	 I 	 I 
0 100 	 200 300 	400 	500 	600 CORE  
R IM distance in microns 
Fig 4.14b Line traverse of the chemical variation from rim to core of LM 1 0P2. 
Concentrations on the y axis in cations calculated to a total of 4 cations. Where errors 
are outside of the symbol size, a representative error bar is indicated. 
82 
Chapter 4 	 Major -minor elements 
The line traverse of this grain shows a fluctuating rim pattern. The fluctuations reflect the 
colour variation seen in the x-ray map. Mg, Al, Ca, Ti and Cr vary in the rim but it is still 
apparent where the boundary between the rim and core lies. However, as with JJG 2115 
0P3 1, Fe is constant across the rim, which is quite wide in this grain (approximately 450 
microns). All profiles show short, gradual transitions from rim to core that are suggestive of 
diffusion, but as in the grains in JJG 2115, this transition occurs over a very short distance 
(approximately 30 microns). 
4.4.2.2 Phlogopites 
Figure 4.15 shows the x-ray map and line traverse of a phlogopite from JJG 513. The line 
traverse (arrow position on figure 4.15a) covers the rim to core of a large single phlogopite 
crystal which is surrounded by finer grained phlogopite. The smooth gradation from rim to 
core on the x-ray map suggests that some diffusion has occurred between the rim and core, 
particularly in the case of Fe. The rim shows increased Al, Ti and Cr relative to the core and 
decreased Fe. In the case of Cr the increase in the rim is quite substantial. The fine grained 
phlogopite around the edge of the coarse grain shows similar chemical composition to the 
rim of the large grain. 
The adcompanying line traverse (figure 4.15b) shows reasonably flat core and rim profiles, 
with increased Al, Ti and Cr in the rim. The Cr and Ti profiles in particular indicate some 
diffusion has occurred between the rim and core over a distance of approximately 50 
microns. The change in Fe and Al between the core and rim is much more subtle. Mn 
fluctuates throughout the whole grain. 
4.4.2.3 Garnets 
Figures 4.16a and 4.16b show an x-ray map and line traverse of GT2 from xenolith XM2. 
This garnet was chosen on account of the chemical heterogeneities revealed during spot 
analyses and also because the garnets in this rock show a petrographic rim (see Chapter 3). 
The x-ray maps were collected on two different occasions; hence the slightly differing scales 
and orientations. The cores and rims of the garnet do not show such striking changes as 
those shown by the orthopyroxenes and phlogopites. The rims show increased Fe and Ti and 
decreased Mg. The x-ray maps indicate an inner rim, not unlike that seen in the JJG 2115 
83 
- S 





Fig 4.15a X-ray maps showing the compositional variation in Fe, Al, Ti and Cr in JJG 513 PH6. 
Low electron microprobe count rates are represented by shades of purple and blue and high 
count ratesby shades of orange and red. The colour bar indicates the range of colours in between 
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Fig 4.16a X-ray maps showing the compositional variation in Fe, Mg, Al, Ti, Ca and Cr in XM2 
GT2. Low electron microprobe count rates are reprensented by shades of purple and blue and 
high count rates by shades of orange and red. The colour bar indicates the range of colours in 
between these two extremes. See figure 4.16b for actual concentrations. The maps of Al, Ti 
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orthopyroxenes, with decreased Al relative to the core and outer rim, and increased Ca and 
Cr. 
The accompanying line traverses quantify the concentrations of elements in the rim relative 
to the core. They show a slight increase in Mg in the rim and a decrease just before the 
higher Mg core which is not immediately identifiable in the x-ray map. The Al profile 
shows a decrease towards the rim/core boundary and then an increase in the core. It is 
difficult to identify the presence of an inner and outer rim on the line profiles as data is 
limited for the very edge of the grain. One data point at 20 microns from the outer edge of 
the grain does indicate increased Al, and decreased Ca, Cr, Ti and Mg relative to the rest of 
the rim (or 'inner rim' with regards to the x-ray maps). The line profiles do not show clear 
evidence of diffusion in the rim portions, but they do indicate a gradational change in the 
margin of the core from core concentrations to nearest rim concentrations for most elements. 
This is similar to the features in JJG 2115. 
4.5 SUMMARY OF THE GEOMETRIES OF CHEMICAL VARIATION IN 
POLYMICT PERIDOTITE PHASES 
The line traverses of the phases in polymict peridotites show that the main form of 
modification is by new growth around existing grains. This is shown by the distinct 
difference in core and rim composition in most of the grains and also by the sharp 
boundaries between the core and rim compositions in the x-ray maps. Some diffusion has 
occurred between the core and rim as indicated by small erf-shaped transitions in the line 
traverses. This has not occurred in every grain. The orthopyroxenes in JiG 2115 show two 
chemically different rims around the one grain. This is also true of the garnet in XM2. I 
sugget that this is either a result of interaction with two fluids that had different chemical 
signatures or a reflection of the change in chemistry of the one fluid as it percolated through 
the polymicts and crystallised growth rims. In a situation whereby there are two fluids, both 
fluids must have had similar Fe concentrations since this element remains constant through 
the growth of the two new rims. The x-ray map of the phlogopite is also indicative of more 
than one injection of fluid. The phlogopites in polymict peridotites are most probably all 
secondary, following comparison with the study of Delaney et al. (1980, see Chapter 5). 
This means that their core composition must have crystallised from the first fluid to interact 
with the xenoliths. The differing rim composition has also grown from a fluid and it is most 
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likely that this rim grew from a fluid of distinct composition, which interacted with the 
crystal later than the first fluid crystallised the original grain. The x-ray map and traverse of 
LM 1 0P2 shows fluctuations in chemical composition across the rim. These fluctuations 
show areas of increased concentrations surrounded by areas which show a similar signature 
to the core composition. This grain has been cracked and annealed through its core (as has 
JiG 2115 0P4) and it is possible that this rim is also showing signs of cracking and 
annealing. The shape of the fluctuations as shown by the x-ray map is not suggestive of 
cracking and annealing, however, since the variations are not linear and do not originate 
from the outside rim or from another lineation which originates from the rim (see Matthews 
et al., 1992). As with the other grains, the variations shown by LM I 0P2 in the x-ray map 
match the fluctuations shown by the line traverse. It is obvious from the rim profiles that the 
metasomatising fluid was much richer in Fe, Ti and Al than Ca and Cr since the Ca and Cr 
concentrations in the rims of some grains can be seen to decrease towards the extremities of 
the rims. 
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CHAPTER 5 INTERPRETATION OF MAJOR ELEMENT HETEROGENEITIES 
5.1 INTRODUCTION 
Chapt& 4 documents the major-minor element compositions of phases in polymict 
peridotites. A broad distribution of core compositions is seen in orthopyroxene, phlogopite, 
garnet and olivine grains and this is indicative of the diverse origin of the fragments or clasts 
forming the polymict peridotites. These phases, along with ilmenite, show a relatively 
restricted range of rim compositions, particularly with respect to Fe/(Fe+Mg) but also to Ti, 
Mn and Ca. It is postulated that this convergence of rim compositions is the result of 
interaction with a mantle fluid (most probably a silicate melt) that also crystallised an area of 
fine-grained intergrown phlogopite, garnet, orthopyroxene and ilmenite ('matrix') in BD 
2394. 
The metasomatism of the polymict peridotites and the nature of the metasomatising fluid are 
discussed further in this chapter by comparing the chemical composition of the metasomatic 
phlogopite, garnet and ilmenite with similar studies of mantle xenoliths. 
5.2 COMPARISON WITH PHLOGOPITE-BEARING PERIDOTITE XENOLITHS 
5.2.1 The range of phiogopite compositions found in peridotite xenoliths 
Phlogopites within mantle xenoliths have been extensively studied in an attempt to 
categorise the nature of the texturally diverse grains (e.g. Dawson and Smith, 1974; 
Carswell, 1975; Delaney et al., 1980). Most recently Delaney el al. (1980) investigated the 
chemical signatures of primary and secondary micas as texturally defined by Carswell 
(1975). In this textural classification, primary-textured micas occur as large single crystals 
that have 'equilibrium' grain boundaries with adjacent silicate and oxide minerals. 
Secondary textured micas are described as i) forming alteration rims around other minerals, 
particularly garnet and órthopyroxene, ii) filling cracks and thereby forming veinlets 
throughout the rocks and iii) forming rims and veinlets around primary textured micas. In 
petrographic terms, the phlogopites in polymict peridotites largely fall into the secondary 
mica category of Carswell (1 975) as most of them can be described as forming veinlets or 
more irregular pockets of material occurring between the clasts of silicate minerals 
throughout the rocks (figure 3.7 and 3.8, Chapter 3). It is, therefore, clear that phlogopite is 
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secondary (i.e. formed in a distinct and later episode) by comparison with the minerals in the 
clasts. However, the phlogopites themselves provide evidence of more than one phase of 
crystal growth, particularly in the occurrence of large crystals with rims of different 
composition and deformed coarse crystals surrounded by fine-grained phlogopite aggregates. 
As explained in Chapter 3, the only definition of 'primary' micas that can unequivocally be 
applied to some phlogopites seen in the polymict peridotites, is that of 1-larte ci at (1975). 
Harte etal. (1975) described "primary metasomatic micas" as having equilibrium boundaries 
with silicate and ore minerals in fine-grained aggregates of minerals that are secondary 
relative to the original mineral assemblage. This is particularly applicable to the phlogopites 
which occur in the fine grained matrix intergrowth of BD 2394 where the phlogopites have 
many smoothly curving and apparently equilibrium boundaries with adjacent ilmenites, 
garnets and orthopyroxenes and yet are clearly secondary to the main peridotite clasts. It is 
important to note that the definition of "primary metasomatic micas" is independent of the 
definition given by Carswell (1975) in that 'primary' is used only to imply a mantle mineral 
assemblage, in distinction to a late-association probably formed during eruption of the 
xenoliths in the kimberlite carrying them to the surface. These various classifications of 
phlogopite are summarised in Table 3. 
Delaney ci at (1980) find the chemical compositions of primary micas, as defined by 
Carswell (1975), to have a restricted range compared to that shown by the secondary micas 
whose compositional range encloses that of the primary micas. Both the primary and 
secondary micas have been sub-divided in the study of Delaney c/aL (1980). However, this 
does not have any bearing on the restriction of the primary chemical compositions, nor does 
the primary composition field show much overlap with micas from the polymict peridotites. 
It is more important to distinguish between the subdivisions of secondary micas, which 
include those defined as secondary because they are associated with veins. Figure 5.1 shows 
the Fe-Ti-Cr chemistry of the Delaney ci at (1980) primary and secondary micas in 
conjunction with the core and rim data from polymict peridotite phlogopites. It can be seen 
that most of the polymict phlogopites fall within the field defined by secondary micas 
associated with veins, though the polymicts have some more Fe-rich compositions. 
Delaney c/at (1980) investigated the comparison between primary micas from peridotites 
and micas from kimberlite as studied by Boettcher c/at (1979) and Boettcher and O'Neill 
(1980). The micas from kimberlites are systematically Fe-rich but can be both Ti-rich or Ti-
poor (figure 5.1). They overlap with the secondary veinlet micas of Delaney et at (1980) 
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Table 3 Classification of micas. 
Classification Definition Chemical composition 
Primary (Carswell, Large single crystals showing equilibrium <2 wt% Ti02 
1975). grain boundaries with adjacent silicate 0.5- 1.5 wt% Cr203 
and oxide minerals. 1.5 - 3.5 wt % FeO 
Secondary - Carswell, Micas forming alteration rims around <3.5 wt% Ti0 2 
(1975), later other minerals (particularly garnet and <2.0 wt% Cr203 
subdivided by orthopyroxene); filling cracks and veins 0.5 - 7 wt% FeO 
Delaney et al. (1980). throughout the rock and those forming 
rims and veinlets around primary textured 
(Carswell, 1975) micas. 
Primary-metasomatic Micas have equilibrium boundaries with 1 - 1.7 wt % Ti02 
(Harte et al., 1975) silicate and ore minerals in fine-grained <I wt% C1`203 
aggregates of minerals that were 2.5 -4.5 wt% FeO 
crystallised subsequently to the original 
mineral assemblage. 
MARID suite (e.g. Micas found in nodules which consist of 0.5 - 4 wt% Ti02 
Dawson and Smith, varying proportions of mica-amphibole- <0.5 wt% C1`203 
1977) rutile-ilmenite-diopside. >4 wt% FeO 
who attribute the origin of the veins to processes involving crystallisation from Fe-Ti—rich 
liquids. The polymict peridotite phlogopites, with their similarity to the Delaney et al. 
(1980) vein compositions, also show extensive overlap with the less Fe-rich micas in 
kimberlites (Boettcher etal., 1979 and Boettcher and O'Neill, 1980). Delaney et al. (1980) 
also compare the chemical composition of their primary and secondary micas to the primary 
metasomatic phlogopites of garnet lherzolites from Matsoku xenoliths. These primary 
metasomatic phlogopites form part of the IRPS (ilmenite, rutile, phlogopite, sulphide) modal 
metasomatic suite at Matsoku and are associated with melt injection and veining phenomena 
(Cox etal., 1973; Gurney etal., 1975; Flarte etal., 1975, 1987). It can be seen (figure 5.1) 
that the primary metasomatic phlogopites plot in a restricted field at the overlap of Delaney 
et al.'s (1980) primary-secondary fields, which is also the field overlap of polymict core and 
rim compositions. The chemical compositions of micas from veined peridotites recovered 
from the Bultfontein Mine are also plotted on figure 5.1. This data forms part of a study on 
metasomatism performed by Jones etal. (1982). Jones eta,!. (1982) noted a separation of the 
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Fig 5.1 Primary and secondary micas as determined by Delaney etal. (1980) 
compared to phiogopite core and rim compositions in polymict peridotites. 
Compositions are also compared to the Buitfontein high Ti and low Ti micas 
(data from Jones et al., (1982); the general compositions of micas from 
Matsoku xenoliths (after Harte and Gurney, 1975); micas from kimberlites 
(after Boettcher, 1979 and Boettcher etal., 1979) and micas from MARID 
xenoliths (after Dawson and Smith, 1975). 
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Figure 5.1 shows that the polymict peridotite mica core compositions overlap with the low-
Ti Bultfontein vein compositions and fill the gap between the low-Ti and high-Ti 
compositions. This gap is also filled by the Matsoku primary metasomatic suite. The high-
Ti Bulifontein vein suite of Jones etal. (1982) has a very similar range to that of the 
polymict peridotite rim compositions. 
MARID xenoliths [with mica (phlogopite), amphibole (potassic richterite), rutile, ilmenite 
and diopside] have been extensively documented by Dawson and Smith (1977). An 
important chemical trend shown by the micas from MARID xenoliths is decreasing Cr, Ni 
and Mg with increasing Fe (Dawson and Smith, 1977). It is noted that MARID micas have 
higher FeO than micas in metasomatic veins and peridotites nodules. It is obvious that the 
cores of some of the phlogopites in polymict peridotites show very close similarities to the 
chemistry of the MARID suite (see figure 4.9, Chapter 4 and figure 5.1). Dawson and Smith 
(1977) favour a dominantly igneous origin for the MARID suite. This conclusion is based 
upon a combination of structure, petrography (indicating a consistent sequence of mineral 
growth) and the distinct mineral chemistry (resembling that of minerals crystallising in the 
kimberlite matrix). These observations have led to the suggestion that the MARID xenoliths 
have originated from a kimberlitic magma, which has crystallised mica megacrysts and also 
primary-metasoinatic minerals in adjacent wall rocks on its ascent. During its evolution, the 
magma develops a higher ratio of Fe/Mg (Dawson and Smith, 1977). 
Jones et al. (1982) comment on the similarity between the Bultfontein micas and those 
recovered from MARID xenoliths and kimberlite megacrysts. Late infiltration by kimberlitic 
fluid, discordant veining and grain boundary infiltration and irregular veining are all invoked 
to explain the petrographic and chemical relations among micas in the Bultfontein peridotites 
(Jones etal., 1982). Lawless (1978) also studied the Bultfontein xenoliths. Consideration of 
metasomatic features was included in the study although these are only discussed in terms of 
the modal metasomatic suite rather than any core and rim differences detected in the 
minerals. Lawless (1978) documents the occurrence of extensive phiogopite in this widely 
variable suite of xenoliths and he interprets xenoliths containing potassic-richterite as the end 
product of this metasomatic process (see also Erlank and Rickard, 1977). Since potassic 
richterite is believed not to be stable at the pressures and temperatures estimated for the 
Matsoku xenoliths (1050 °C and SOkbars, Gurney etal., 1975), Lawless (1978) interprets this 
as an indication that the fluids postulated by Erlank and Rickard (1977), and later by Erlank 
et al. (1987), for the potassic-richterite-bearing nodules are different to those suggested by 
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Harte and Gurney (1975) for metasomatism in the Matsoku xenoliths. It is important to note 
here that the polymict peridotites, like the Matsoku xenoliths, do not show any evidence of 
potassic-richterite. 
5.5.2 Summary of phlogopite compositions in relation to modal metasomatism and links 
to igneous phenomena 
It is evident from figures 4.9 (Chapter 4) and 5.1 that phlogopites in peridotitic mantle 
xenoliths and kimberlites may show a wide variety of compositions and phiogopites of 
different generations may also overlap extensively in composition. However, several 
striking features are also apparent from consideration of figure 5.1 and the character of the 
associated rocks. 
There is a very marked overlap between the polymict peridotite phlogopite (cores and rims) 
and the phlogopite compositions seen in veins in peridotite xenoliths. This is true with 
respect to the vein micas recognised by Delaney etal. (1980) and the Bultfontein vein micas 
of Jones etal. (1982). The micas of the Matsoku IRPS modal metasomatic suite also plot in 
this same field but in a more restricted region of compositional space where some core and 
rim compositions of the polymict phlogopites overlap. Some polymict peridotite phiogopites 
have compositions which correspond with the Cr 203 and lower FeO and Ti0 2 areas of the 
MARID compositional field. The overlap is mainly with phiogopite core compositions from 
the polymict peridotites (see also figure 4.9, Chapter 4). 
All of the phiogopite vein suites overlapping in composition with the polymict peridotites are 
attributed to, or associated with, mantle modal metasomatism caused by infiltration or 
injectibn of some type of fluid. This fluid doubtless varies in composition and character, in 
accord with the whole range of vein phlogopite compositions but Harte et al. (1987, 1993) 
argue, for the Matsoku IRPS suite and a wider range of modally metasomatised xenoliths 
respectively, that the fluid must essentially be a silicate melt. Their argument is based on the 
close spatial and compositional association of a variety of metasomatic phenomena (ranging 
from disseminated phlogopites to veins of phlogopite and other silicate minerals), with 
apparent intrusive sheets of pyroxenite and peridotite. A similar link may also be inferred 
with respect to phlogopite-richterite metasomatism at Bultfontein/Kimberley (Lawless, 1978; 
Jones el al., 1982; Erlank etal., 1987) and the MARID suite (richterite-bearing) xenoliths 
interpreted as igneous by Dawson and Smith (1977) and Dawson etal. (1987). 
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The overlaps in phlogopite compositions therefore argue strongly in linking the polymict 
phlogopites with evolving melts which give rise to a range of metasomatic phenomena in 
subcratonic peridotite xenoliths. It is also noteworthy, from the potential links to kimberlites 
suggested by Jones etal. (1982), Dawson and Smith (1977) and Harte etal. (1975) that the 
same melts may, in some circumstances, evolve to compositions at least partly similar to 
kimberlites. 
Consideration of the mineral association and compositional relations of the polymict 
peridotites in comparison with the features of various modal metasomatic suites shows a 
particularly strong similarity with the Matsoku IRPS suite. Apart from the normal mantle 
silicates of olivine, orthopyroxene, clinopyroxene and garnet, the polymicts show abundant 
phlogopite and ilmenite, together with lesser sulphides and rutile; exactly as in the Matsoku 
metasomatic suite. Both the polymicts and Matsoku rocks lack potassic richterite and the 
Matsoku phlogopites plot at the overlap of core and rim compositions in the polymicts. 
Clearly the polymicts show more core-rim mineral compositional heterogeneities than the 
Matsoku rocks but this may be linked to the more fragmental deformation and disruption of 
the polymicts and their possibly having been affected by a variety of evolving melt 
compo,sitiofls causing metasomatism. 
5.3 COMPARISON WITH JAGERSFONTEIN SUITE METASOMATIC GARNETS 
Burgess (1997) and Burgess and Flarte (1999, 2000, submitted) discuss the chemical 
heterogeneities in garnets in peridotite xenoliths recovered from a wide range of depths by 
the Jagersfontein kimberlite pipe. This work contrasts with the Matsoku study of 
metasomatism, which concerns xenoliths from a restricted range of pressures and 
temperatures showing modal metasomatism involving introduction of the IRPS phases. 
The chemical heterogeneities in the Jagersfontein garnets are attributed to growth from a 
metasomatic fluid, diffusion and resorption (Burgess, 1997; Burgess and Harte, 1999). The 
chemical variations are represented diagrammatically on the CaO/Cr 203 garnet classification 
plot, which is reproduced here in figure 5.2a. Since the Jagersfontein xenoliths do not 








TYPE Ilib 	 V 
CM 
6 M9 	 TYPE la Cr-4-Ca-T1+Mg+Na (+Fe±AI) 
TYPE II (+Mg+Fe*Ti)Cr+Ca 
a 	c:i:i-') MEGACRYSTS 
0 
I 	 I 
3 	 4 	 5 	 6 7 	 8 














/ 	 .BD2394 
7 






_AVU L GT4 
I 	 I 	 I 	 I 
3 	 4 	 5 	 6 	 7 	 8 
CaO (wt%) 
Fig 5.2 a) Arrowed lines depict core to rim trends of compositional variation in 
CaO (wt%) and Cr201  (wt%) in heterogeneous Jagersfontein garnets (after 




Chapter 5 	 Major element interpretation 
Burgess and Harte (1999) advocated that the most probable mode of fluid propagation was 
pervasive flow. It is also suggested that the metasomatic fluid was a melt on account of the 
garnet compositions found to be crystallising from it (after Smith and Ehrenberg, 1984; 
Schneider and Eggler, 1986; Flarte et aL, 1987, 1993; Wyllie, 1987; Smith and Boyd, 1989). 
Figure 5.2a shows that the chemical changes seen in the garnets from core to rim are limited 
to directions sub-parallel to the lherzolite trend or approximately perpendicular to the 
lherzolite trend. Comparison between this diagram and figure 5.2b, which plots the five 
heterogeneous garnets from polymict peridotites, shows that evidence of Type la (XM2 
garnets and BD 2394 GTI) and Type II (LMI GT4) zonations have occurred in the polymict 
peridotites. Type la core to rim changes are characterised by decreasing Cr and Ca in 
conjunction with increasing Ti, Mg and Na. Type II core to rim changes are indicated by 
increasing Cr and Ca and are also marked by decreasing Al, Mg and Fe (Burgess, 1997; 
Burgess and Harte, 1999). In support of these conclusions, the heterogeneous polymict 
garnets are plotted on MgI(Mg+Fe) versus Cr 203 wt% and CaO wt% versus Ti02 wt%, in 
figures 5.3 and 5.4 respectively. As illustrated in figure 5.3a, Burgess (1997) and Burgess 
and Harte (1999) showed that garnets showing Types land II chemical variation show 
almost no variation in MgI(Mg+Fe) with changing Cr203 . This is also true of the LM I and 
XM2 garnets whilst the zoned BD 2394 (GT2) orange garnet shows a trend similar to that of 
the Jagersfontein megacrysts. The zoned purple garnet with an orange garnet overgrowth 
(BD 2394 GTI) shows a slightly larger variation of Mg/(Mg+Fe) between its core and rim, 
the rim composition moving away from that of the core and towards a megacrystic 
composition. In 
figure 5.4b it can be seen that the XM2 garnets show low Ti0 2 cores with rims of higher 
Ti02  approaching megacryst compositions. This trend is shown by Jagersfontein garnets 
with Type la chemical variations. In contrast to this trend the garnet from LM I and BD 
2394 have core-rim compositions parallel to those of Type II garnets and that of megacryst 
compositions. 
Burgess (1997) and Burgess and 1-larte (1999) suggest analogies between the Jagersfontein 
garnet core-rim compositions and models by Gurney and 1-larte (1980), 1-larte and Gurney 
(198!) and Ehrénberg (1982) in which a pooled megacryst magma provides a source for 
metasomatic melts which infiltrate and modify deformed xenoliths. Burgess (1997) and 
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peridotite garnets in xenoliths from the Jagersfontein kimberlite pipe are consistent with 
interaction with a metasomatic melt derived from the magma which precipitated the Cr-poor 
megacrysts. This megacryst melt is proposed to have evolved by percolative fractional 
crystallisation as described by Harte etal. (1993) (Burgess, 1997; Burgess and 1-larte, 2000, 
submitted). Clearly, the polymict garnet evidence shows similar trends and a relation to 
megacryst compositions, which is parallel to features of the Jagersfontein garnets. 
5.4 COMPARISON WITH ILMENITE-BEARING PERIDOTITE XENOLITHS 
Ilmenite is not a mineral commonly associated with upper mantle xenoliths (Mitchell, 1973). 
As noted in Chapter 2, ilmenite found in peridotites commonly appears in a special 
association, such as: dunitic parageneses (Boyd and Nixon, 1973; Dawson et al., 1981); the 
Matsoku paragenesis (l-Iarte etal., 1975, 1987) and the MARID paragenesis of Dawson and 
Smith (1977). Petrographically, the ilmenite in polymict peridotites shows similarities to the 
Matsoku IRPS metasomatic suite (see Chapter 3). 
Figure 5.5 shows Fe/(Fe +Mg) and Cr/(Cr +Al) (after Harte and Gurney, 1975) of the cores 
and rims of ilmenites in polymict peridotites, together with data from the literature. The 
compositional field of primary metasomatic ilmenites from the Matsoku xenolith suite (from 
Harte and Gurney, 1975) is indicated. Other literature data includes ilmenites from lamellar 
intergrowths with clinopyroxene (Gurney et al., 1973), ilmenites as xenocrysts and 
megacrysts in kimberlite (Ferguson et al., 1973; Mitchell et al., 1973), ilmenites from 
'discrete' nodules in kimberlites (Nixon and Boyd, 1973; Boyd and Nixon, 1973) and 
ilmenites from the MARID association (Dawson and Smith, 1977). 
One striking difference between the metasomatic phiogopite and the metasomatic ilmenite in 
the polymict peridotites is the restricted range of compositions shown by the ilmenites in 
comparison to the wide variety of compositions shown by the phlogopites. Another 
immediately obvious comparison revealed by figure 5.5 is that of the polymict peridotite 
ilmenites and the Matsoku primary metasomatic ilmenites. The polymict peridotite ilmenites 
show a compositional range which is almost completely enclosed by the compositional 
variation of the Matsoku ilmenites. The MARID ilmenites show higher Fe/(Fe+Mg) than the 
polymict peridotites and both the polymict peridotite ilmenites and the Matsoku ilmenites are 
distinct in composition from those of lamellar intergrowths with clinopyroxene and the 
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Fig 5.5 Fe/(Fe+Mg) against Cr/(Cr+A1) for ilmenites in polymict peridotites (after Harte and Gurney, 
1975) compared with Matsoku primary metasornatic ilmenites Hartc and Gurney, 1975); ilmenites 
from lamellar intergrowths with clinopyroxene (Gurney et al., 1973): ilmenites as xenocrysts and 
megacrysts in kimberlite (Ferguson ci al., 1973; Mitchell ci al., 1973); ilmenites from 'discrete'' 
nodules in kimberlites (Nixon and Boyd, 1973; Boyd and Nixon. 1973) and ilmenites from the 
MARID association (Dawson and Smith. 1977). 
discrete ilmenite nodules. The polymict peridotite ilmenites do overlap with some of the 
megacryst ilmenites from kimberlite which show a wide compositional variety. 
5.5 CONCLUSION 
The chemical compositions of the phiogopite and ilmenite in polymict peridotites show a 
strong similarity with the phlogopites and ilmenites of the Matsoku IRPS modal metasomatic 
suite. Harte etal. (1993) argue that the fluid responsible for the modal metasomatic suite in 
the Matsoku xenoliths must essentially be a silicate melt. 
There is also a good correlation between the compositional heterogeneities in Jagersfontein 
garnets and those of polymict peridotites. The correlation seen between the compositional 
heterogeneities in Jagersfontein garnets and polymict peridotites garnets suggests that the 
rims of the garnets in polymict peridotites, and indeed the garnets in the fine-grained 
intergrowth in BD 2394, have also crystallised from a metasomatic fluid. Burgess (1997) and 
Burgess and Harte (1999, 2000, submitted) propose that major element variations for 
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peridotite garnets in Jagersfontein xenoliths are consistent with a metasomatic melt derived 
from the magma which precipitated Cr-poor megacrysts. 
The overlap between the metasomatic phases in polymict peridotites and other 
metasomatised xenolith suites provides good evidence to link the polymict phases with 
evolving melts that have given rise to a range of metasomatic phenomena in the subcratonic 
mantle. It appears most likely that the origin of these evolving melts is a magma of 
megacrystic composition. Following research into the metasomatic features seen in Matsoku 
peridotites, the MARID suite and veined Bultfontein peridotites, Harte etal. (1975), Dawson 
and Smith (1977) and Jones etal. (1982) respectively, suggest potential links between 
subcratonic metasomatic melts and kimberlites. Consequently it is possible that the polymict 
peridotites can provide a link between melts of megacrystic and kimberlitic compositions. 
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CHAPTER 6 TRACE ELEMENT COMPOSITION OF POLYMICT PERIDOTITES 
6.1 INTRODUCTION 
Detailed major element analysis of the phases in polymict peridotites has produced evidence 
that interaction with melt has had a profound effect on the xenoliths (Chapters 4 & 5). 
Matrix phases (including orthopyroxene, phlogopite, garnet, ilmenite, rutile and sulphides) 
have crystallised from the melt involved and the close relationships between their major 
element compositions and the metasomatic zoned mineral compositions of clasts clearly 
suggests that this melt was responsible for the metasomatism of the clasts. This chapter 
follows up the arguments presented in the previous chapters by investigating the evidence 
available from the trace element composition of the various phases in the polymict 
peridotites. 
Trace element analyses are presented wholly from ion microprobe analysis with the 
exception of one Laser ICP-MS analysis of a phlogopite (LM I PUS). Major element 
traverses across the core-rim boundaries of several grains are documented in section 4.4.2 of 
Chapter 4. These traverses reveal significant major element heterogeneities within only 300 
microns of the grains. Consequently, it was thought that the smaller size of the ion 
microprobe beam (20 microns) compared to the size of the laser (100 microns) was more 
approptiate for documenting any similar trace element heterogeneities. The smaller ion 
microprobe beam also enabled analyses to be performed directly adjacent to the electron 
microprobe analyses presented in Chapter 4. Details of analytical methods, accuracy and 
precision and errors of both ion microprobe analysis and Laser ICP-MS analysis are given in 
appendices B and C. The results of trace element analysis of polymict peridotites are given 
in these appendices. The spidergrams plotted in this chapter follow the element arrangement 
preferred by Harte et al. (1993). This arrangement is based on keeping the REE plot as a 
continuous central entity, with LILE to the left of the LREE and Y, Zr and Nb placed to the 
right in order of decreasing size. The plots use chondrite elemental abundances proposed by 
Anders and Grevesse (1989, Table 1). All the points for analysis on the specimens were 
chosen on the basis of major element compositions, in an effort to include a representative 
selection of chemical heterogeneity. 
The results of these analyses are described for each mineral phase and comparisons are 
drawn with previous studies. The data are also discussed in conjunction with major element 
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data from the relevant clasts. Processes that are potentially responsible for these patterns are 
reviewed in section 6.7. 
6.2 Trace Element Composition of Orthopyroxenes 
6.2.1 Trace element variations in orthopyroxenes 
Figures 6.1 a and b show trace element compositions of cores and rims of representative 
orthopyroxene clasts. Figure 6.1 c shows typical errors on an orthopyroxene analysis. The 
core and rim data show a tendency for two distinct trends, both of which are seen in the cores 
and rims. One trend has characteristically low REE and LILE (Ba, Sr, Rb) abundances 
typically of 0.1 x chondrite or less and the other trend has a humped profile which reveals 
high cncentrations of Sr, Ba and LREE (between I and 10 x chondrite) before flattening off 
to join the lower profile in concentrations of 0.1- 0.6 x chondrite for the MREE, HREE and 
Y. The 1-IFSE (Zr, Nb, Ti) also tend to be a little higher in the compositions with higher 
LILE-LREE. These two trends are more distinct in the core compositions than the rim 
compositions which show a more continuous range of compositions between the two 
extremes. The higher REE profiles in the rims are more irregular than the smooth curve 
shown by the cores. The matrix area in xenolith BD 2394, which is believed to be the last 
crystallisation product of the melt (Chapter 3), contains small orthopyroxenes intergrown 
with phlogopites and garnets. The average composition of these orthopyroxenes is also 
plotted on figure 6.1 a and b. Their trace element composition is intermediate to the two core 
and rim profiles. Matrix orthopyroxenes have a flat profile with Sr-Ba-REE compositions of 
approximately 0.1 x chondrite. The Zr and Nb compositions of the matrix orthopyroxene 
fall within the range of cores and rims of the large orthopyroxene grains. A relatively high 
Ti content (2 x chondrite) is characteristic of the matrix orthopyroxenes, as expected from 
the major element data (Chapter 4). 
The orthopyroxene clasts can have any combination of the two trace element trends in their 
core and rim. Figure 6.2 shows core and rim compositions from six different crystals from 
three different polymicts. Each crystal shows a different core/rim combination of humped 
and lower LILE-LREE abundance profiles. The different examples are a low abundance 
core and humped rim (LM i OP4), a low abundance rim and humped core (JJG 2115 031; 
JiG 513 OP9), a low abundance core and a low abundance rim (LM I 0P2) and a humped 
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section of one rock, two orthopyroxene crystals can show very different core and rim trace 
element profiles, for example, in JJG 2115, 0P3 1 has a rim with low trace element 
concentrations, whereas the ON rim shows a humped trace element profile. These two 
crystals are only a few mm apart spatially. 
Figure 6.3 shows core, inner and outer rim (see Chapter 4) trace element profiles. Traverses 
of the major element compositions of these crystals can be seen in Chapter 4 (section 
4.4.2.1). With respect to trace elements, four different patterns can be seen, as illustrated by 
four crystals in figure 6.3. The possible combinations of chemistry include: a moderately 
high LILE-LREE core and rim with an inner rim with a relatively very high LILE-LREE 
composition (JJG 2419 OP 1); a low LILE-LREE core and rim with an inner rim high in 
LILE-LREE (LM 1 0P2); a very low LILE-LREE core with higher LILE-LREE outer rim 
and an inner rim higher than both of these (LM 1 0P4); low REE outer rim and intermediate 
REE inner rim with high core (JiG 2115 031). 
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Fig 6.3 Variations in trace element composition from core to outer rim in orthopyroxene grains a) JJG 
2419 OP1. b) LM I 0P4, c) JIG 2115 0P3 1 and d) LM 1 0P2. The average composition of 
orthopyroxenes in the matrix area of BD 2394 is shown in each graph for comparison. See Fig 6.1 c 
for representative errors. 
6.2.2 Comparison of orthopyroxene trace elements and major elements 
Rims of orthopyroxene grains, in distinction to cores, show tight clustering of major element 
compositions and particularly of Fe and Ti. Figure 4.1 in Chapter 4 shows plots of 
Fe/(Fe+Mg) versus other cations for a selection of orthopyroxenes, including the particular 
grains whose trace elements have been described in the above sections. All the grains show 
a significant increase in Ti in their rims, and these particular rims are generally clustered 
with respect to Fe composition. Figures 6.1 - 6.3, however, highlight a wide spread of trace 
element compositions in the rims with no clustering of compositions and no consistent 
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pattern with respect to core trace element compositions. In this respect, the LILE-LREE-Zr 
Nb show a similarity in behaviour to the minor elements Ni and Cr (Chapter 4). 
6.2.3 Comparison with other xenolith studies 
Both the cores and rims of orthopyroxene grains in polymict peridotites show humped trace 
element profiles and low concentration trace element profiles. Every combination of core 
and rim trace element trend can be seen within the grains, and there is no correspondence 
between high and low trace element profiles and Fe or Ti major element composition. For 
simplicity, figure 6.4 shows only a a shaded area which represents the range of polymict 
orthopyroxene compositions compared with data collected from other peridotite xenoliths. 
The polymict peridotite orthopyroxenes show good agreement with trace elements in 
orthopyroxenes from Matsoku xenoliths (see Chapter 7 for petrographic descriptions and 
results of extensive trace element analysis of LBM 32, LBM 131 Y, LBM 22, LBM 90). The 
orthopyroxenes in the Matsoku peridotites also show two profiles which match those shown 
by the polymicts. Orthopyroxene in the Matsoku xenoliths, as in polymict peridotites (see 
Chapter 3), can be divided into 'cloudy' and 'clear' crystals. This is a petrographic 
description which relates to the presence or absence of inclusions and/or exsolution textures. 
With respect to the trace element contents, the cloudy orthopyroxenes in Matsoku xenoliths 
always show humped patterns with higher abundances of REE. The flat profiles represent 
analyses of clean, inclusion-free orthopyroxene grains. The cloudy orthopyroxenes typically 
have high Nb and Ti contents which reflects the presence of the inclusions. It has already 
been noted that the orthopyroxenes in polymict peridotites can be cloudy or clean (Chapter 3, 
section 3.3.2.1) as a result of small opaque inclusions. However, unlike the Matsoku 
orthopyroxenes, the clean orthopyroxene grains show high REE profiles whereas the cloudy 
orthopyroxenes show the flatter REE profiles. The possible compositions of the inclusions 
are discussed in section 6.7.1.1. 
Polymict peridotite orthopyroxenes have also been compared to megacryst orthopyroxene 
compositions and other peridotite xenoliths. These comparisons are shown in figure 6.4. 
Monastery orthopyroxene megacrysts ROM OP 167 and ROM OP 273 fit closely with the 
lower REE trace element profiles. Omitting the Matsoku xenoliths, probably the most 
comparable data from a similar metasomatised xenolith study is that of Kramers et at 
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Fig 6.4 Data from a metasomatised peridotite from Buitfontein mine Kramers etal.,1983); Matsoku 
xenoliths and Monastery megacrysts (ROM OP 167 and ROM OP 273) analysed in this study 
(see Appendices B and C) compared to the range of compositions shown by orthopyroxene cores 
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Fig 6.5 Comparison of trace element composition of the matrix in BD 2394 with Monastery 
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xenolith BD 3141, a sample from the Bultfontein mine with a metasomatised vein and/or 
pervasive metasomatism. This orthopyroxene analysis fits well with the humped REE 
pattern of polymict orthopyroxenes. Kramers et at (1983) conclude that the MARID and 
metasomatised samples analysed in their study could have crystallised from similar liquids 
and that this liquid could be kimberlitic. The problem with comparing this study with the 
polymict peridotites is the method of analysis used by Kramers et at (1983). Mineral 
separates have been analysed by isotope dilution and therefore there is no possible means of 
ascertaining whether or not the resulting trace element profile corresponds specifically to a 
metasomatised rim. 
The average orthopyroxene BD 2394 matrix trace element composition is compared with the 
mantle megacryst data in figure 6.5. The matrix is broadly similar to the mantle megacrysts 
with the major differences being in Ba (much lower abundances in the megacrysts), Sm and 
Dy (higher abundances in the megacrysts) concentrations. 
6.3 Trace element composition of phlogopites 
6.3.1 Trace element variations in phlogopites 
Figure 6.6a shows the trace element compositions of cores and rims of phlogopites in a 
selection of polymict peridotites. Typical errors on a phlogopite analysis are shown in figure 
6.6b. The phlogopites show distinctly varied REE compositions in their cores and rims but 
other trace elements show little variation. There is a slight spread in composition for Na, Sr, 
Ba, Y, Zr and Ti but Cs, Rb, Li and Nb are quite tightly restricted. 
As with the orthopyroxene crystals, there is a tendency for two types of trace element 
profiles in the phlogopites. One profile shows relatively high REE concentrations with 
slightly decreasing La to Sm. The second profile shows markedly lower Cc concentrations 
(0.005 - 0.02 x chondrite) than the high REE profile (-4 x chondrite), with increasing Cc to 
Sm and low Ce/La. As with the orthopyroxene trace element profiles, both cores and rims 
can show either of these profiles and every combination of core and rim compositions can be 
found in crystals within polymict peridotites. Figures 6.6 and 6.7 show examples of these 
combinations: LM 1 PH3 shows a high rim profile with low core profile; JiG 2115 P113 
shows a low rim profile with high core profile; JiG 513 P116 shows a similar core and rim 
profile, both of which are low. JJG 2419 PH7 and LM I P.H5 show a high core with a lower 
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Fig 6.6b Typical errors calculated from the counting statistics from a typical phlogopite analysis. 




rim profile which is intermediate to the two groups. Examples of intermediate trace element 
profiles are also seen in the orthopyroxene crystals and again these are usually rim 
compositions (see figure 6. ib). 
An average matrix phiogopite composition is plotted on figure 6.6. This represents the 
phlogopite composition of the small phiogopite crystals found in the fine-grained matrix area 
of BD 2394 (Chapter 3). This trace element profile can be seen to have an intermediate 
composition with respect to the overall range of REE profiles seen in the cores and rims and 
particularly occupies a median position with respect to rim compositions. This is similar to 
the matrix composition seen for the orthopyroxenes (figure 6. lb). In both cases the BD 2394 
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Fig 6.7 Variation in core and rim trace element 
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UNCAT, b)JJG 2419 and c)JJG 2115. See Fig 6,6b 
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Figure 6.7 shows the variation in trace elements in cores and rims of phiogopites clasts 
within three individual polymicts. It can be seen that within the two analysed clasts in JiG 
2115 and JJG 2419, there are very similar rim compositions which converge irrespective of 
the core compositions. This reflects the trend which is seen in the Fe-Ti major elements of 
phlogopite crystals (see Chapter 4, section 4.2.2). However, the phlogopites in LM I do not 
show this same trend. Hence it is obvious that the simple convergence and uniformity of 
compositions seen for Fe and Ti is not a universal polymict trend for all elements. 
6.3.2 Comparison of phiogopite trace element and major elements 
Figure 4.2 in Chapter 4 shows major element variations in the phlogopites whose trace 
elements are described above. Phlogopites in polymict peridotites show a wide variation in 
Fe/(Fe±Mg) and Ti major element heterogeneities and compared to the other phases, there is 
more limited convergence of rim compositions towards a common Fe number (Chapter 4) 
since the phlogopites show both low Fe and high Fe rims. As discussed in section 6.3.1, 
phlogopites can show convergence of trace element compositions in the rims on a local scale 
but a compilation of all the phlogopite analyses does not show a consistent convergence. 
There is no correlation between increased trace element compositions and Fe-rich as 
opposed to Fe-poor rims. As with the orthopyroxene trace element compositions however, 
the variation in rim compositions, which are distinct from the core compositions, reflect the 
variation seen in Cr in the phlogopite rims. 
6.3.3 Comparison with other xenolith studies 
The range of phlogopite core and rim trace element compositions, represented as a shaded 
field, is compared to previous xenolith studies in figure 6.8. The higher REE phlogopite 
profiles have a very similar shape to those of the patently metasomatised Bultfontein 
xenoliths of Kramers ci cii. (1983). Kramers ci cii. (1983) concluded that these xenoliths and 
the MARID xenoliths from Bultfontein are derived from similar liquids with strong relative 
LREE enrichment. They suggest a kimberlite-type liquid. These data fits well with one of 
the polymict phlogopite rim compositions (LM I PH3). 
Irving and Frey (1984) provide trace element data from three mica megacrysts in host alkalic 
basalts from various localities. Megacrysts MUR-4 (locality Murrumburrah, Australia) and 
KK-3 (locality Rockeskyller Kopf, Germany) show similar concentrations to LM I PH3 rim. 
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Fig 6.8 Data from mica megacrysts in host alkalic basalts (Irving and Frey, 1984) and Matsoku 
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and Monastery megacrysts (ROM PH 240-05 and ROM PH 371) both analysed in 
this study (see Appendices B and C)are compared to the range of phiogopite compositions in 
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Fig 6.9 Comparison of average trace element composition of phiogopite in the matrix of BD 2394 
with Monastery megacryst compositions (analysed in this study, see Appendix B). 
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LM 1 PH7 and JJG 2115 P113 cores are comparable to megacryst 188/6 (locality 96 Ranch, 
Texas). Irving and Frey (1984) concluded that these megacrysts were not in equilibrium with 
their host alkalic basalts but crystallised from more evolved liquids and were then mixed into 
their present host magmas. 
The Matsoku xenolith phlogopite trace element concentrations and the two megacrysts 
(ROM 249 PH-OS and ROM 371) analysed as part of this study are in good agreement with 
the low REE profiles seen in some phlogopites in polymict peridotites. 
Figure 6.9 shows the average trace element concentration of the phlogopites in the fine-
grained matrix of xenolith BD 2394. Compared with phlogopite megacryst trace element 
analyses (ROM 249 PH-OS and ROM 371), the average matrix composition shows slightly 
higher concentrations of Sr, Ba, La, Ce, Y, Zr, Nb and Ti by up to a factor often on the log 
scale chondritic plot. The general pattern of trace element abundance is very similar in the 
polymict matrix and the megactysts. 
6.4 Trace element composition of garnets 
6.4.1 Trace element variation in garnets 
Trace element analysis of garnets has been restricted to three polymict peridotites since 
garnet crystals are often found to be homogeneous with respect to major elements (Chapter 
4, section 4.2.3). Figures 6.10a and b show a selection of trace element profiles for garnets 
from JiG 513, LM I and XM2. These have been divided into homogeneous trace element 
compositions (figure 6. 10a) and heterogeneous trace element compositions (figure 6.1Ob). 
Typical errors on two garnet analyses are shown in figure 6.1Oc. The garnets in polymict 
BD 2394 show a range of colours (Chapter 3, figure 3.13 and 3.14) and figure 6.1 Ia and b 
display a representative selection of analyses from the different coloured homogeneous and 
heterogeneous garnets. 
It can be seen that there is variation between two general patterns of trace element 
abundances in the garnets in polymict peridotites. The first pattern is a typical smooth rising 
and flattening LREE - HREE pattern. This is shown by GTI (core and rim) in JiG 513 and 
BD 2394 GT3 (pink garnet) and BD 2394 GT2 (orange garnet) which are all homogeneous 
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Fig 6.10 Trace element compositions from the cores and rims of large garnets: a) homogeneous 
garnet grains in JJG 513 and LM 1; b) and heterogeneous garnet grains in XM2. The average 
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Fig 6.12 Data from garnets in deformed peridotites (Jib, J145, JJH19) and a megacryst (J75) 
from Jagersfontein mine (Burgess, 1997) and Matsoku peridotites (analysed in this study, see 
Appendices B & C) are compared to the range of compositions shown in garnets in polymict 
peridotites (shaded area). 
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purple garnet (RD 2394 GTI) in BD 2394. At the other extreme is a trace element profile 
with rising LREE to a distinct peak at Sm (concentrations of around 10 x chondrite) and 
thereafter decreasing IVIREE and HREE. Garnet cores in XM2 (GTI and GT2) and LM 1 
(GTI, figure 6.10) show this 'humped' pattern. Some garnets display a profile which has 
less fractionated MREE to HREE and the hump is not well defined (e.g. .BD 2394 GTI 
purple garnet). 
Heterogeneous garnet crystals are found in polymicts XM2 and RD 2394. Typically the 
garnet rim compositions are closer to the little fractionated MREE-HRFE pattern than the 
cores and are very similar to those garnets in the fine-grained matrix area of BD 2394 
(figures 6.10 and 6.11). 
6.4.2 Comparison of trace elements of garnets and major elements 
Figures 4.3 and 4.4 in Chapter 4 show the variation of Fe/(Fe+Mg) versus Ca and Cr for the 
garnets shown in figures 6.10 and 6.11. A plot of CaO versus Cr 203 can be seen in figure 
4.3b in Chapter 4 and this also documents major element variations in the garnets. JJG 513 
GTI and BD 2394 GT3 and GT2 are homogeneous with respect to major elements. They are 
also homogeneous with respect to trace elements. XM2 GTI and GT2 are heterogeneous 
with respect to trace elements (enriched rims) and show heterogeneities in their major 
element compositions. Both garnets have outer rims which are depleted in Ca and Cr and 
enriched in Ti and Fe; However, XM2 GT2 has an inner rim which is distinctly enriched in 
Cr and slightly in Ca but has an Fe content similar to the outer rim. XM2 GTI displays no 
such inner rim. Excepting this inner rim, the rims usually have major element compositions 
approaching that of the matrix garnets in RD 2394. In the case of the trace element 
compositions, the rims of XM2 GT1 and XM2 GT2 bracket the abundance of trace elements 
seen in the matrix of BD 2394. 
Two garnets show homogeneous trace element compositions and heterogeneous major 
element compositions. These are LM I GTI and RD 2394 GT2 (orange garnet) (see Chapter 
4, figure 4.4). RD 2394 GT2 has a rim which is depleted in Fe, enriched in Ti and slightly 
enriched in Ca. This rim approaches the matrix composition of garnets in BD 2394 (figure 
4.9). LM I GTI has a rim enriched in Cr and slightly enriched in Ca but there is little 
difference between the Fe content of the core and rim. The rim composition does not 
approach that of the matrix garnets in BD 2394. 
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6.4.3 Comparison with other xenolith studies 
The range of polymict peridotite garnet trace element compositions, represented as a shaded 
field, is compared to garnets from the Jagersfontein and Matsoku suites of mantle xenoliths 
in figure 6.12. Cores and rims of polymict garnets JJG 513 GTI, XM2 Gil and BD 2394 
purple (Gil) garnet are plotted. These garnets represent the range of trace element profiles 
plotted in figures 6.10 and 6.11. The average matrix garnet composition from BD 2394 is 
also plotted. 
The compositions of the Jagersfontein xenolith garnets have been taken from Burgess (1997, 
PhD thesis). This is an extensive study of the chemical heterogeneities seen in a suite of 
mantle xenoliths collected from the Jagersfontein mine, South Africa. With the exception of 
J75, the garnets plotted on figure 6.12 are all core compositions from deformed peridotites 
and it can be seen that they encompass the garnet core compositions of the polymict garnets, 
displaying a range from slightly to distinctly humped with a maximum at Sm. J75 is a garnet 
megacryst whose composition with respect to the MREE and HREE is in good agreement 
with the matrix garnet composition from BD 2394. The LILE.LREE compositions shown 
by BD 2394 matrix garnets are, however, much higher that those of J75. This parallels the 
first stage of evolution of megacrystic garnet compositions as documented by Burgess 
(1997). 
The average garnet composition from Matsoku is that from xenoliths showing evidence of 
melt injection or metasomatism (Chapter 7) and is in quite close agreement (within I x 
chondrite for the REE) with the compositions of the BD 2394 matrix and the rim garnet 
compositions seen in JJG 513 and BD 2394. 
6.5 Trace element composition of olivines 
6.5.1. Trace element variation in olivines 
Olivines are typically very low in trace element abundance, which means that large errors 
can be incurred on analyses of small volumes of material by Laser ICP-MS and by ion 
microprobe. Trace element data for olivines are only presented from the ion probe analyses, 
as the trace element concentrations in olivines are below the detection limits of the Laser 
ICP-MS. Two crystals were analysed for core and rim values of Sr, Nd, Y, Zr, Nb and Ti. 
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REE were excluded from the element list as they are in too low in abundance to be detected. 
Selections of olivine neoblasts in carefully chosen areas are plotted in figure 6.13a. Typical 
errors on an olivine analysis are shown in figure 6.13b. One area consists of neoblasts 
between two large olivine crystals in an area which appears to be a peridotite clast in JJG 
513. This is compared to an area of larger olivine, orthopyroxene and phlogopite grains with 
almost interstitial smaller grains of the same phases in JiG 2115. 
The compositions of the two olivine grains show similar trace element profiles although they 
are from texturally different areas in different polymicts. In each case there are slight 
differences in abundances of elements in the cores and rims but this difference is not 
consistently higher or lower over the range of elements. The neoblasts show higher trace 
element abundances than the cores and rims except in the case of Nb in the neoblast from 
JJG 2115. 
6.5.2 Comparison of major elements and trace elements 
Olivine major elements show similar core and rim variations to orthopyroxene and 
phlogopite (see figure 4.5, Chapter 4 for a representative plot of olivine composition). 
Neoblast major elements are usually clustered around a specific Fe value which is more Fe-
rich than the cores. Olivine grains JJG 513 OL2 and JiG 2115 OL3 both have rims which 
are enriched in Fe and Ti with respect to the cores. The neoblasts from both polymicts show 
similar Fe abundances to the rims. Whilst the rims and neoblasts are clustered with respect to 
Fe, they show a spread of Ti values. The olivine crystals do not show a distinction between 
core and rim trace element composition, but the neoblasts do show slight enrichment in trace 
elements relative to the cores and rims, though this is not as marked as the enrichment shown 
in the major elements. 
6.5.3 Comparison with other xenolith studies 
Trace element data from olivines are not abundant. The average olivine trace element 
composition from the Maksoku xenoliths (data collected in this study) is plotted on figure 
6.13. The Matsoku olivine trace element profile is similar to the polymict olivines in 
showing abundances between 0.01 x and 1.0 x chondrite, though the shape of the pattern 
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Fig 6.13a Olivine core, rim and neoblast trace element compositions from polymictS JJG 2115 
and JJG 513 compared to the average olivine trace element compositions from Matsoku 
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Fig 6.13b Typical counting errors calculated from the counting statistics from a typical olivine 
analysis. The counting statistics and analytical protocol were the same for all samples. 
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6.6 Trace element composition of clinopyroxene-orthopyroxene intergrowths 
6.6.1 Trace element variation in clinopyroxene-orthopyroxene intergrowths 
The only clinopyroxene crystals to be found in polymict peridotites are those in the 
clinopyroxene-orthopyroxene intergrowths (Chapter 3). Figure 6.14a shows that these 
clinopyroxenes are similar, although not identical, with respect to trace element composition. 
Figure 6.14b shows typical errors on a clinopyroxene analysis. The clinopyroxenes show 
typical trace element profiles with high concentrations of LREE (averaging 12 x chondrite) 
peaking at Ce-Nd and decreasing MREE to 1-IREE concentrations. 
The trace element profiles for orthopyroxenes within these intergrowths are similar to the 
trace element profiles of the large orthopyroxene clasts, in that there are both humped high 
LILE-LREE profile and flat low REE profiles (figure 6.15). Again core and rim profiles can 
be humped or flat although there are no instances in which a flat core and a flat rim occur in 
the same grain in the data collected from the intergrowths. 
6.6.2 Comparison of clinopyroxene-orthopyroxene intergrowth trace element and 
major element compositions 
Clinopyroxenes in clinopyroxene-orthopyroxene intergrowths occur as random patches 
within a mass of orthopyroxene crystals. As a result of their identical optical orientations 
within any one intergrowth, the clinopyroxenes are believed to have originally been large 
coherent crystals of which only small areas remain (see Chapter 3). The major element 
compositions can show a slight variation across the clinopyroxene areas (see Chapter 4, 
figure 4.7) but there does not appear to be a consistent core/rim variation as seen in the other 
clasts in polymicts. 
Majorelement data from orthopyroxenes in clinopyroxene-orthopyroxene intergrowths does 
not indicate that metasomatism has affected these intergrowths (Chapter 4 figure 4.7). The 
cores and rim major element compositions of the orthopyroxene grains that make up the 
intergrowths show very similar compositions and there is little clustering of rim 
compositions. The trace element data from these orthopyroxenes also show no consistent 
patterns of variation between core and rim which are necessarily linked with metasomatism. 
Also the range of compositions found for intergrowth orthopyroxenes may also be found in 















—4-- DB3 core 
—a---- DB3 rim 
—s-- XM2 core 
—a-- XM2 rim 
0.011 
Cs Rb Li Sr Ba La Ce Nd Sm Eu Gd Dy Er Yb Y Zr Nb Ti 
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Fig 6.14b Typical counting errors calculated from the counting statistics from a typical clinopyroxene 
analysis. The counting statistics and analytical protocol were the same for all samples. 
124 
Chapter 6 	 Trace elements 
6.6.3 Comparison with other xenolith studies 
Figure 6.16 shows the clinopyroxene trace element data plotted with data from previous 
studies. There is an extremely good correlation between the polymict intergrowth 
clinopyroxenes and those analysed by Kramers el al. (1983) from a selection of Bultfontein 
xenoliths. These xenoliths include MARID material (BD 3129) and samples with veins (BD 
3067 and BD 3068). There is also a good correlation of compositions between the polymicts 
and the clinopyroxenes in Matsoku xenoliths showing evidence of melt infiltration and 
metasomatism. The data from the Matsoku xenoliths is provided from those samples 
analysed in this study and also LBM 137 (Harte 2000, pers comm). Data from 
clinopyroxenes from Eifel (Harte 2000, pers comm) and one Jagersfontein (J134) (Harte 
2000, pers comm) peridotite xenoliths/megacrysts show enriched compositions with 
abundances of LREE being up to I Ox chondrite greater than the polymicts. Clinopyroxene 
from Jagersfontein peridotite sample J13 (Harte 2000, pers comm), however, is in good 
agreement with the polymicts. One consistent difference between the polymict peridotite 
clinopyroxenes and those in other xenoliths is the concentration of Ba, which is much higher 
in the polymicts (between 10  and 100 x chondrite higher than the Matsoku, Eifel and 
Jagersfontein (J145 & J13) clinopyroxenes). 
The orthopyroxenes in these intergrowths show very similar trace element profiles to the 
orthopyroxene clasts documented in section 6.2 and the comparisons between intergrowth 
orthopyroxenes and other xenoliths are the same as those drawn in section 6.2.3. 
6.7 DISCUSSION 
Growth and diffusion were discussed in Chapter 4 in order to explain the features seen in the 
major element chemistries of the polymict peridotites. This chapter has described variations 
between the trace element compositions of the cores and rims of the various phases in 
polymict peridotites. It is clear that the trace elements are not wholly comparable in their 
behaviour to the major elements Fe and Ti. Although some trends of rim compositions are 
seen in the trace elements, and in some cases the rim compositions approach those of the 
matrix, the patterns are much more variable. However, a feature which is generally 
applicable to both major and trace element compositions is the tendency of some rim and 
matrix compositions of orthopyroxene, phlogopite and garnet to vary towards ones similar to 
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Fig 6.15 Trace element concentrations of cores and rims of individual grains within the orthopyroxene 
mass, which makes up the clinopyroxene-orthOPYroXefle intergrowths in polymicts XM2, JJG 513 
and JJG 2419. 'Margin' and interior refer to proximity to the edge or the middle of the intergrowth 
as a whole. 'Core' and 'rim' refer to the cores and rims of the individual grains, be they in the interior 
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Fig 6.16 Comparison of the trace element compositions in clinopyroxene in polymict peridotites 
with data from megacrysts in host alkalic basalts (Kramers et al., 1983) and other peridotites 
from Jagersfontein (Ji 34 and J1 3), Eifel and Matsoku (LBM1 37) (Harte, 2000 pers comm.). 
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Chapter 4). It is also apparent that these BD 2394 matrix compositions have similarities to 
element abundances found in some megacrysts and in some metasomatic mineral 
compositions associated with the Matsoku or IRPS type of metasomatism. 
6.7.1 Orthopyroxenes 
The orthopyroxenes perhaps reveal the most complicated trace element profiles. 
The core and rim trace element profiles show every possible combination of heterogeneity 
and homogeneity. It has already been suggested that the rims with the highest trace element 
contents are clear growth-like areas petrographically. These rims can be coupled with a low 
trace element composition core or a high trace element composition core. Rims which 
display the lower concentration of trace elements are, without exception, cloudy as a result 
of an opaque inclusion presence. These rims can be coupled with a low REE concentration 
trace element core or a high REE concentration, humped core. 
There is no consistent convergence of rim trace element compositions in orthopyroxene 
crystals, in contrast with the convergence of Fe and Ti content. There is, however, a 
continuous range of compositions between the two extreme rim compositions rather than two 
distinct groups as shown by the core compositions. In this respect, the trace element 
compositions of the rims reflect the patterns shown by Cr and Ni (see Chapter 4). Variations 
in major-minor chemistry have previously been interpreted as metasomatic features. Trace 
element signatures of Matsoku orthopyroxenes, proven to be homogeneous with respect to 
major elements in chapter 7 show a similar variation of trace elements which cannot be 
ascribed to metasomatism. The orthopyroxenes in the clinopyroxene-orthopyroxene 
intergrowths are also homogeneous with respect to major elements (Chapter 4) and yet show 
almost identical trace element signatures to the larger clasts. As such, the complicated trace 
element compositions of the polymict peridotite orthopyroxenes require a little more 
consideration. In the following sections, the effect of inclusions on the trace element 
signatUres of orthopyroxenes and growth-related controls on composition are discussed. 
6.7.1.1 Inclusion and clouding relations 
It seems to be more than a coincidence that the two orthopyroxene trace element profiles 
which are seen in the polymict peridotites match the two profiles seen in the orthopyroxenàs 
from Matsoku xenoliths. Matsoku orthopyroxenes may also be both clear and cloudy but the 
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trace element profiles are the opposite way around to the polymict peridotites - i.e. the 
cloudy orthopyroxenes show high REE concentrations and the clear orthopyroxenes have 
low REE contents. There are two possible explanations for the cloudiness in the Matsoku 
orthopyroxenes. The first is that the orthopyroxenes have exsolved a phase which has 
altered the trace element chemistry of the orthopyroxene host. The second is that the cloudy 
orthopyroxenes have crystallised as an interstitial phase in which the remaining composition 
of the melt has been concentrated. 
Some polymict peridotite orthopyroxenes have already been described as having a cloudy 
appearance, which has been ascribed to the presence of opaque inclusions (see Chapter 3). 
The suggestion that these phases exert a control on the trace element chemistry of the 
orthopyroxenes is supported by the fact that within an individual Matsoku orthopyroxene, 
the trace element profiles show high concentrations in the cloudy areas and low 
concentrations in adjacent clear areas within the same grain. This has been investigated with 
the use of the ion microprobe as the small diameter of the beam (approximately 30 microns) 
enabled cloudy and clear areas to be specifically targeted. The analyses can be seen in 
Appendix B. It is possible that both the orthopyroxenes in polymict peridotites and Matsoku 
peridotite have exsolved phases producing both the cloudy appearance and affecting the 
trace element signatures of the grains. The opposite trace element trends seen in 
orthopyroxenes from the two xenolith suites, might reflect different exsolved phases in 
polymict peridotite orthopyroxenes from those in the Matsoku orthopyroxenes. For 
example, if orthopyroxene exsolves clinopyroxene, a REE deficiency is left in the 
orthopyroxenes. If orthopyroxene exsolved ilmenite, REE are enriched in the 
orthopyroxenes. Orthopyroxenes exsolving rutile would have a lower Ti content than those 
exsolvIng ilmenite. 
The theory that cloudy orthopyroxenes have crystallised as an interstitial phase is more 
applicable to the Matsoku than the polymict peridotitcs, which, in contrast, do not appear to 
be interstitial. In addition, if the orthopyroxenes were to act as a dump for the last REE in 
the melt, these orthopyroxenes would be expected to contain high concentrations of REE. 
This high REE concentration is true of the Matsoku cloudy orthopyroxenes but not of the 
cloudy polymict peridotite orthopyroxenes which show low REE concentrations. 
128 
Chapter 6 	 Trace elements 
6.7.1.2 Growth-related controls on trace element heterogeneities 
The ozthopyroxenes have been described petrographically as appearing 'cloudy' and 'clear' 
(Chapter 3). The clear rims (inner and outer) have been assumed to be products of growth 
from the silicate melt using the original crystal as a nucleation site and evidence for this has 
been obtained from the commonly abrupt changes in major-minor element composition at 
core-rim boundaries discussed in Chapter 4. These rims generally show the higher REE 
concentration profiles. This is in accordance with crystallisation of a relatively evolved melt. 
The cloudy rims always show lower concentrations of REE. It is suggested that these cloudy 
rims may represent a resorption phenomenon with trace elements diffusing out of the crystal 
into the melt. This is supported by trace element compositions in JJG 2115 0P3 1 (figure 
6.3b) in which the REE abundances decrease regularly from core to outer rim and could be 
explained by diffusion out of the crystal. 
Resorption has been discussed in phenocrysts (e.g. O'Brien et al., 1988 and Zhang et al., 
1993) but its effects are usually described as a petrographic expression of embayments in the 
rim of crystals (see O'Brien et al., 1988). This is not seen in orthopyroxene in polymict 
peridotites. Smith and Ehrenberg (1984) describe growth and resorption in garnets from 
peridotites from the Colorado plateau. The reversal of Ca and Cr gradients in one rock is 
interpreted as a period of growth (decreasing Cr) followed by resorption (increasing Cr at 
the rim), in a similar way to that described by Burgess and Harte (1999). There are three 
grains which show higher REE abundances in the inner rim than the core and outer rim (JJG 
2419 OPI, LM I 0P4 and LM I 0P2 in figure 6.3a, b, d respectively). This could possibly 
reflect a period of growth followed by resorption. EMPA traverses from rim to core of LM I 
0P2 (Chapter 4, figure 4.14b) reveal a tendency to oscillatory changes in Ca, Cr and other 
elements. Such oscillatory changes may possibly represent variations in the tendency for 
growth and resorption. Alternatively, growth processes affected by a variable supply of 
minor-trace elements in a partly diffusion-controlled process have been documented in the 
literature (e.g. Yardley et al., 1991). 
Compositionally distinct growth sectors have been studied in clinopyroxene (Hollister and 
Gancarz, 1971; Nakamura, 1973; Dowry, 1976; Dowty, 1977 and Kouchi et al., 1983) and 
phlogopite (Wagner ci al., 1987). Chemical sector zoning can be described as the existence 
of different compositions in different growth sectors of a single crystal (Dowty, 1976). A 
growth sector (Hollister, 1970) is defined by the face on which the growth has taken place. 
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Many attempts have been made to explain sector zoning in structurally complex minerals 
(e.g. Hollister, 1970; Hollister and Gancarz, 1971; Nakamura, 1973 and Leung, 1974). The 
generally accepted principle behind sector zoning is the geometric flexibility of the partially 
exposed cation sites or protosites (Nakamura, 1973). It is these protosites rather than the 
structural sites of the crystal which are in equilibrium with the magma (Nakamura, 1973). 
Dowty (1976) develops this principle by describing an adsorption layer which is assumed to 
have a different composition on different faces. Adsorption of cations on this surface results 
in adjacent sectors of differing composition within a mineral. Boundaries between the 
growth sectors can be straight, curved or highly irregular (Reeder and Grams, 1986). 
The orthopyroxenes certainly do not show sector zoning in the strict sense because the major 
element maps do not reveal distinct sectors. The same principle, however, can be invoked to 
explain local growth of chemically distinct orthopyroxenes on certain faces of the grains. 
The melt fraction was probably small, as is suggested by the patchy distribution of rims and 
the extreme variability of the trace element compositions. Therefore the melt only came into 
contact with a crystal locally and the chemistry of the resulting growth rim could be 
dependent on the crystallographic face on which it was growing. This process can also 
explain diverse rim compositions shown by different orthopyroxene grains within the same 
xenolith. The literature does not discuss sector zoning with respect to trace element 
compositions independent of major element sector zoning. 
The above suggestions for the origin of the diverse trace element patterns seen in 
orthopyroxenes all involve changes in conditions of growth or resorption in response to a 
changed melt composition; they are therefore complimentary to the idea that the 
compositional variations, like the other features of the xenoliths, are due to metasomatism by 
interaction with a melt. 
6.7.2 Phlogopites 
The phlogopites in polymict peridotites show similar variations in REE to the 
orthopyroxenes but without the added complications of clouded and non-clouded 
appearance. Electron microprobe maps (see figure 4.15a, Chapter 4) of major elements in 
phlogopites reveal strongly zoned rims with no evidence of inclusions or sector zoning. 
However, sector zoning has been reported in phlogopites (Wagner et aL, 1987) and similar 
controls on this phenomenon, as discussed above for orthopyroxenes, might potentially apply 
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to the phiogopites. It is also possible that some grains have been affected by resorption 
whereas others have experienced the growth of a rim from the melt. 
Some phiogopite trace element abundances appear to be similar to megacryst phlogopites 
whether they are megacrysts in kimberlite or megacrysts in alkalic basalts. This similarity of 
phiogopite cores and rims to the range of megacryst compositions supports the two previous 
suggestions that polymict peridotites contain megacrysts and that they have been 
metasomatised by melt related to those crystallising megacrysts. The difference in the trace 
element chemistries of the phlogopites would appear to be dependent on the evolutionary 
state of the fluid from which they crystallised or were metasomatised by. The good 
agreement of cores with megacrysts from lesser and greater evolved melts (Kramers et al., 
1983, Irving and Frey, 1984 and Monastery megacrysts, RUM PH240-5 and RUM P1137 1, 
this study) suggests that some of the phlogopites in the polymicts crystallised out of 
primitive megacryst melts and some crystallised out of more evolved melts. The fact that 
rims of grains also show similarities to both types of megacryst supports the theory that the 
metasomatising fluid was a megacryst melt. Different crystals have been affected by this 
melt at various stages in its evolution. Within the one rock, trace element concentrations in 
the runs of phlogopite crystals can be both enriched and relatively depleted in REE which 
suggests that the metasomatising melt might have been evolving quickly. 
6.7.3 Garnets 
The wider variations of traceelement compositions of the garnets in polymicts appear to be a 
reflection of the diverse origins of the garnet clasts in these rocks (see Chapters 3, 4, 5). The 
differing trace element compositions of two garnets within each of two polymict peridotites 
(XM2 GTI and BD 2394 GT1) are closely comparable to garnets in deformed peridotites 
described by Burgess (1997) in his extensive study of Jagersfontein xenoliths. The rims of 
heterogeneous garnets, where found, show compositions which are more similar to that of 
the fine-grained matrix garnet of BD 2394 than the respective core compositions. This 
matrix garnet trace element composition is also similar to that of megacrysts like J75, which 
is considered to be a good estimate of the original composition of a megacryst melt (Burgess, 
1997).. This observation is in accordance with that of the orthopyroxenes and phlogopites in 
this matrix area. 
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Neither the clinopyroxene nor the olivine clast trace element signatures reveal major 
variations which can be ascribed to metasomatism. In the ease of the clinopyroxene in the 
clinopyroxene-orthopyroxene intergrowths, it is most likely that the trace element 
compositions are a product of their original parageneses. The olivine neoblasts can show 
considerably higher concentration of trace elements than the cores and rims of the clasts. 
(e.g. the neoblasts analysed from JiG 513). It is possible that these neoblasts which are 
found on the edge of olivine clasts represent the metasomatised rims of clasts which have 
been recrystallised. However, the neoblasts in JIG 2115 which are not associated with large 
clasts do not show such high concentrations. 
6.8 CONCLUSION 
The trace element compositions of the phases within polymict peridotites show diversity and 
do not have the clear-cut trends towards uniform rim or matrix compositions as seen for 
major-minor elements such as Fe and Ti (Chapter 4). The trace element signatures of cores, 
especially illustrated by the garnets, indicate the diverse origins of the clasts in polymict 
peridotites and therefore support the accepted theory of their paragenesis (see Chapters 1 and 
2). 
Since it is not possible to ascribe the trace element rim compositions unequivocally to 
metasomatism, these will not be used to calculate a potential metasomatic melt composition. 
Rather the phases in the matrix of polymict BD 2394 will be used as their petrographic 
textures and major element compositions suggest that this is the product of crystallisation of 
the last bit of melt. The trace element abundances of the phases in this matrix are similar to 
those shown by megacrysts. This is particularly true of the garnet crystals. The orange 
garnet mantle of the purple garnet in BD 2394 (GT1) also shows megacrystic trace element 
compositions and this mantle is believed to have crystallised from the same melt as the 
matrix. 
The behaviour of the trace elements, particularly the REE in orthopyroxenes and 
phlogopites, shows in fact a range of rim compositions (up to 1000 x chondrite) which 
reflects the range seen by minor elements such as Ni and Cr (up to 0.08 cations of Cr and 
0.006 cations ofNi, see Chapter 4). As discussed above, this range may partly reflect the 
evolution of the melt, which was evidently of small volume compared to the clasts. 
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However, in some cases, especially with respect to the orthopyroxenes, it appears that a 
variable growth mechanism caused some oscillation or perhaps patchy sector zoning of the 
rim compositions. These rims and their compositions appear to be documenting crystal-melt 
interaction (or metasomatic) histories. Although there is variability in rim trace element 
compositions, in all cases some similarity to the trace element compositions of the fine-
grained matrix of BD 2394 is seen. In orthopyroxenes and phlogopites, the median of the 
range of rim compositions is close to that of the trace element compositions of BD 2394 
matrix orthopyroxenes and phlogopites. For garnet rims there is a very close match to the 
BD 2394 matrix garnet (within 10 x chondrite and for most heterogeneous garnets, within 3 
x chondrite). Thus the trace element characteristics of the fine-grained matrix area of BD 
2394 support the petrographic evidence (Chapter 3) and major-minor element evidence 
(Chapters 4 and 5) that this area represents the composition of melts infiltrating and 
metasomatising the polymict peridotites. There are also some clear similarities between the 
BD 2394 matrix compositions, and therefore rim compositions, and the compositions of 
orthopyroxene, phlogopite and garnet occurring independently in the Cr-poor megacryst 
suite of kimberlites. 
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CHAPTER 7 DETERMINATION OF MINERAL-MELT PARTITION 
COEFFICIENTS 
7.1 INTRODUCTION 
Detailed major, minor and trace element analysis of heterogeneous mineral grains from the 
polymict peridotites has produced evidence that interaction with a melt has had a profound 
effect on the polymict peridotites (Chapters 4 & 5). Trace elements are widely used in the 
definition of geochemical reservoirs and mantle melts (e.g. Shimizu, 1975; Heal et al., 1994; 
Menzies and Hawkesworth, 1987 and McKenzie and O'Nions, 1991). In particular, trace 
elements are important in the modelling of chemical evolution of melts using mineral 
compositions (e.g. Flarte et al., 1993; Tainton and McKenzie, 1994; Burgess, 1997). 
Crucial to the calculation of melt compositions and how they evolve is a knowledge of the 
partition coefficients defining element distribution between minerals and melt (e.g. Hanson, 
1980). Fundamentally, these mineral-melt partition coefficients require experimental 
determination (e.g. Grutzeck etal., 1974; Shimizu and Kushiro, 1975) but given a 
knowledge of mineral-melt coefficients for one mineral, they maybe extended to other 
minerals using mineral-mineral partition coefficients. Mineral-mineral partition coefficients 
may be determined from equilibrated mineral assemblages in natural rocks (e.g. Matte et al., 
1996; Harte and Kirkley, 1997). Mineral-melt partition coefficients have been calculated 
using trace element concentrations from four Matsoku rocks, believed to represent 
equilibrated mineral assemblages, to allow the investigation of melt compositions which may 
have affected the polymict peridotites. These melt compositions are examined further in 
Chapter 8. 
7.2 CONTROLS ON TRACE ELEMENT DISTRIBUTION 
Trace 'elements are of interest for their use in modelling chemical evolution in geological 
systems. However, minerals and melts are not ideal solutions and therefore do not follow 
Raoults Law which states that the activity of a chemical component is always equal to 
concentration (mole fraction). Deviations from Raoults Law have not yet been quantified in 
complex natural geological systems but constraints on the behaviour of components within 
geological systems can be applied if the following is considered. In all solutions, when the 
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mole fraction of a component is I (pure phase) then its activity is also 1. At low 
concentrations (or trace levels) the activity of a component is related to its mole fraction by a 
constant factor. This is known as the Henry's Law region. A component is in equilibrium 
between two phases when its chemical potential is the same in each. The ratio of the 
concentration of a component in one phase compared to the other is known as the partition 
coefficient D (Beattie etal., 1993). At constant temperature and pressure, and major-minor 
element compositions, the partition coefficient is constant for a given component present at 
trace element levels so long as it obeys Henry's Law in both phases. 
If the component is sufficiently low in concentration to be in the Henry's Law region in both 
phases then: 
a(mi n) = k (min) X(m i n ) 
a (me) = k(me)X(me ) 
Where a(min) and a(m) represent the activity of the component in the mineral and the melt, k is 
the Henry's Law constant for each component in each phase and x is the concentration of 
each component in each phase. 
Therefore, for a mineral and a melt in equilibrium at a particular temperature, the 
composition of a trace component in each phase can be predicted by a numerical constant 





Partition coefficients can be used to predict and model the concentrations of components in 
phases so long as they are only present in trace levels. Cox et al. (1979) suggested that 
components present at less than I wt% or 10000 ppm concentration can be treated as trace 
elements. The terminology used in this thesis follows Beattie et at (1993): D is used for 
partition coefficient, subscripts refer to the element of interest, and superscripts to the phases 
concerned. L is used for the melt phase. Consequently, D"" refers to the partition 
coefficient ofNi between garnet and clinopyroxene and it is calculated by dividing the 
weight fraction of Ni in garnet by the weight fraction ofNi in clinopyroxene. Where 
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partition coefficients are calculated on a molar basis, Beattie et al. (1993) recommend the 
term molar partition coefficient and the symbol D.. 
Partition coefficients can be determined experimentally using co-existing minerals and glass 
from synthetic run products or from natural rock samples by analysing co-existing phases. 
The amount of a particular trace element that will be incorporated into a phase is subject to a 
number of controls. The main controls on the ability of a trace element to be incorporated 
from a melt into a mineral are its ionic charge and radius. The likelihood of ions of differing 
size and charge substituting into a mineral phase was expressed by Goldschmidt (1937) in 
the form of three rules, summarised by Henderson (1982) as: 
ions of similar radii and the same charge will enter into a crystal in amounts proportional 
to their concentration in the liquid. 
Anion of a smaller radius but with the same charge as another will be incorporated 
preferentially into a growing crystal. 
Anion of the same radius but with a higher charge than another will be incorporated 
preferentially into a growing crystal. 
Values of partition coefficients are dependent on a number of factors including temperature, 
pressure and bulk composition. Separating the effects of these factors on partition 
coefficients is difficult because for any given crystal-melt pair, temperature, pressure and 
composition are strongly correlated (Wood and Blundy, 1997). In addition, bulk 
compositional controls may be exercised by the silicate melts or by the crystals or both. It 
has been shown that the rare earth elements (REE) display a relatively predictable behaviour 
which has resulted in their use in trace element modelling. As their atomic number 
increases, the REE trivalent cations show a steady decrease in size (see Table 4) and 
therefore substitution of REE into peridotite mineral phases is controlled chiefly by their 
changing ionic radius. 
Blundy and Wood (1991) showed that crystal, rather than melt, major-minor element 
composition exerts the greatest control on Ba and Sr feldspar-liquid coefficients. They 
suggested that this resulted from the more rigid nature of crystal lattice sites which showed 
greater strain energy on substitution. To quantify the elastic strain energy (introduction of 
large ions into smaller lattice sites generates elastic strain energy which depends on the 
Young's Modulus of the medium), Blundy and Wood (1994) adopted the model of Brice 
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(1975) who developed equations describing strain energy stored in an isotropic crystal lattice 
Table 4 Cation charges and radii. After Shannon (1976). 
Element Valency - Coordination Ionic Radius (10 - m) 
Cs 1+ VI 1.67 
VIII 1.74 
Rb 1+ VI 1.52 
VIII 1.61 
Li 1+ VI 0.76 
VIII 0.92 
Sr 2+ VI 1.18 
VIII 1.26 
Ba 2+ VI 1.35 
VIII 1.42 
Cr 3+ VI 0.615 
VIII 
La 3+ VI 1.032 
VIII 
Ce 3+ VI 1.01 
VIII 1.143 
Nd 3+ VI 0.983 
VIII 1.109 
Sm 3+ VI 0.958 
VIII 1.079 
Eu 3+ VI 0.947 
VIII 1.066 
Gd 3+ VI 0.938 
VIII 1.053 
Dy 3+ VI 0.912 
VIII 1.027 
Er 3+ VI 0.89 
VIII 1.004 
Yb 3+ VI 0.868 
VIII 0.985 
Lu 3+ VI 0.861 
VIII 0.977 
Y 3+ VI 0.9 
VIII 1.019 
Zr 4+ VI 0.72 
VIII 0.84 
Nb 4+ VI 0.68 
VIII 0.79 
Ti 4+ VI 0.605 
VIII 0.74 
when a cation of radius r substitutes for the host cation of radius r0 . It was shown that 
partitioning of 1+, 2+, 3+ cations between plagioclase and melt and clinopyroxene and melt 
could quantitatively be described in terms of these strain energies of substitution. Applying 
the theoretical model ofNagasawa (1966), Beanie (1994) arrived at a similar conclusion for 
trace element partitioning between olivine and melt. 
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Wood and Blundy (1997) developed a predictive model for partitioning of REE between 
clinopyroxene and silicate melt by joining a thermodynamic description of crystal and liquid 
properties to the strain energy model of Brice (1975) and Blundy and Wood (1994). The 
latter only applies at fixed temperature, pressure and bulk composition and therefore, the 
model must consider both heterovalent and homovalent substitution. In the simplest case of 
homovalent substitution, the theoretical development is as follows (based on Wood and 
Blundy, 1997): 
Consider how a cation which substitutes exactly into the large M2 site of the clinopyroxene, 
partitions between clinopyroxene and silicate melt. The measured Nernst partition 
coefficient is defined as: 
Di 	[J] 
	 (1) 
Where [J1 J and [J, IL refer to weight fractions of the specified cation in the clinopyroxene 
and melt respectively. Following Wood and Blundy (1997), 13, (partition coefficient) can be 
related to the strain-free partition coefficient D0 as follows: 
13, = D expi 	s/rain 
RT ) 
For a spherical site, the strain-free energy term depends on the site radius r 0, the radius of the 
substituting ion rand on the Young's Modulus of the site (Brice, 1975). Thus assuming that 
the clinopyroxene M2 site is spherical, Brice's (1975) equation gives the strain energy term 
as: 
1 
AGCPX =4EM2 NA ((r/ —rj 2 +—(r sown (3) 
Where NA is Avogadro's Number and EM2 is the Young's Modulus of the M2 site. 
Combining equations (2) and (3) we obtain an approximately parabolic dependence of Di on 
ionic radius, with the maximum value of 13 corresponding to D (the partition coefficient for 
strain-free substitution in the pyroxene M2 site): 
(2) 
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= D0 ex[ 
1 
_4EM2N4--(ri -,)2 +—(r,  -')) 
RT 	J 
ME 
This theoretical dependence of D on ionic radius (shown in figure 7.1) corresponds quite 
closely with observed partition coefficient values for 2+ cation substitution in both 
plagioclase and clinopyroxene (Blundy and Wood, 1994). In each case, the peak of the 
curve is in good agreement with the site radius, and the estimated value of the Young's 
Modulus of the site, Es, approximates that of the bulk Ca-end member crystal, anorthite or 
diopside. It is clear, therefore, that homovalent trace element substitution for Ca 2 in 
pyroxene and plagioclase follows the Brice (1975) equation (4) and that knowledge of the 
crystal-melt partitioning of, for example Sr, enables partitioning of the other 2+ ions to be 
predicted accurately. The height of the peak, D9, depends on K9 (the equilibrium constant) 
which means that it must depend on pressure and temperature in a predictable manner 
(Wood and Blundy, 1997). 
In terms of peridotitic minerals, HREE substitute most readily into garnet, whilst the LREE 
are most compatible with clinopyroxene. Orthopyroxene has generally lower compatibility 
for REE than clinopyroxene and garnet and olivine are the least compatible for REE. 
In order to investigate the composition of the melts which have affected the polymict 
peridotites, mineral-mineral partition coefficients (with respect to clinopyroxene) have been 
obtained through trace element analysis of four Matsoku rocks. Mineral-melt partition 
coefficients have been subsequently calculated using cpx-melt values based on an average of 
the data of Grutzeck et at (1993) and Hart and Dunn (1993) —see also Harte et al. (1996). 
The following sections describe the petrography of LBM 22, LBM 32, LBM 90 and LBM 
131Y, the analysis method and the results of the analysis. 
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Fig 7.1 Schematic diagram (taken from Wood and Blundy, 1997) showing the effects on partition 
coefficient of the parameters in the Brice (1975) equation (4). The "best fit" ion has radius r0 and a 
corresponding partition coefficient I3, at the peak of the parabola. E is the Young's modulus of the 
site and controls the width of the parabolic curve. 
7.3 DETERMINATION OF A NEW SET OF PARTITION COEFFICIENTS 
As a result of the dominance of olivine, orthopyroxene and phlogopite in the polymict 
peridotites, it is evident that any attempt to model the melt compositions requires mineral-
melt partition coefficients for these three solid phases. None of these minerals are ideal for 
the study of trace element partitioning because of their low concentrations of trace elements 
and because their mineral-melt partition coefficients are poorly known (e.g. Green, 1994). 
There is good knowledge of clinopyroxene-melt (cpx-melt) partition coefficients (e.g. 
Grutzeck et aL, 1974; Hart and Dunn, 1993; Wood and Bluntly, 1997) and garnet-melt (grt-
melt) partition coefficients have been successfully modelled using a combination of grt-cpx 
and cpx-melt partition coefficients (Harte et al., 1996; Burgess, 1997). Thus, a similar 
approqch has been used to derive orthopyroxene (opx), phlogopite (phlog) and olivine (ol) 
partition coefficients with melt by determining all the mineral-mineral partition coefficients 
in rocks containing orthopyroxene, phlogopite and olivine in combination with 
clinopyroxene and/or garnet. The rocks chosen for these determinations are peridotites 
containing metasomatic veins and intrusive sheets belonging to the Matsoku xenolith suite 
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(Cox et al., 1973; 1-larte et at, 1987, 1993). The principal reasons for choosing rocks from 
this suite were: 
The melt related metasomatic phenomena seen in Matsoku xenoliths show close 
similarities to the assemblages of the polymict peridotites (see Chapters 3, 4 and 5). 
The Matsoku rocks often show the coexistence of phlogopite with the four common 
phases: olivine, orthopyroxene, clinopyroxene and garnet. 
The Matsoku xenoliths often show good evidence of equilibrium of phases in veins and 
dykes, on the basis of textural relations (Harte etal., 1975) and constancy of chemical 
compositions (Harte et al., 1987). 
Four previously studied xenoliths from the Matsoku kimberlite pipe were chosen - LBM 22, 
LBM 32, LBM 90 and LBM 131Y - and new sections prepared for both checking major-
minor element compositions by electron microprobe analysis and determining trace element 
compositions. The trace element concentrations of clinopyroxene, orthopyroxene, garnet, 
phiogopite and olivine in these rocks were obtained by Laser ICP-MS analysis using the 
University of Cape Town facility and by Secondary Ion Mass Spectrometry (SIMS) using 
the NERC ion microprobe facility at Edinburgh University. 
7.31 THE MATSOKU XENOLITHS 
The Matsoku kimberlite pipe is notable for its quantity, size and variety of xenoliths of deep 
origin (Cox etal., 1973). The average xenolithic content of the pipe has been estimated at 
20-30% (Dawson, 1968) and the proportion of mantle derived xenoliths was approximately 
45% of the total. The largest ultramafic nodules are representative of the commonest type of 
xenolith of deep origin - a garnet lherzolite predominantly composed of orthopyroxene and 
olivine with minor amounts of garnet and clinopyroxene (Cox et al., 1973). 
The Matsoku xenoliths have been extensively described by Harte et at (1987). The rocks 
used in this study include one modally metasomatised xenolith (LBM 32), two containing a 
pyroxenite sheet (LBM 90 and LBM 131 Y), and one displaying discrete IRPS (ilmenite-
rutile-phlogopite-sulphide) veins (LBM 22). The apparently intrusive pyroxenite sheets at 
Matsoku (samples LBM 90 and 131 Y) are up to 16 cm wide and commonly show some 
internal layering. The sheets are often formed principally of orthopyroxene and 
clinopyroxene, but also contain olivine, garnet and IRPS minerals. The wall rocks to the 
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pyroxenite intrusions often show all the typical textural and modal features of coarse, 
common peridotites. Xenoliths can contain veins or zones of JRPS minerals which can be 
up to 3 cm wide. Within these zones, variable amounts of modification of the coarse 
peridotite textures are seen. Rocks with such veins clearly show evidence of modal 
metasomatism (Harte et al., 1987). IRPS minerals can also be found in relatively discrete 
veins along with olivine, pyroxenes and garnet. The presence of IRPS minerals in both the 
modal metasomatic zones and these discrete veins indicates a link between the two 
phenomena (Harte etal., 1987). 
LBM 32 is described as a type example of metasomatism by flarte et al. (1975, p495  and 
figure 4). This rock shows a similar relatively fine grain size (< 1 mm x 1 mm), 
accompanied by the development of IRPS minerals in textural equilibrium with common 
silicates. LBM 32 is clearly modally metasomatised (see Chapter 2), as clearly indicated by 
changes in the rock mineral and bulk chemical composition associated with the introduction 
of the IRPS minerals. There is also an increased orthopyroxene/olivine ratio compared with 
coarse-grained xenoliths, and this is often associated with the IRPS suite occurrences. Harte 
et al. (1987) link the metasomatism with melt infiltration, which gives rise to bodies varying 
from igneous-like injection sheets/dykes to discontinuous veinlets. LBM 90 and LBM 131 
come from pyroxene —rich sheet or dyke-like bodies, largely made of the normal xenolith 
minerals (olivine, orthopyroxene, clinopyroxene, garnet) together with a small amount of 
phlogopite in the case of LBM 131. 
LBM 22 shows a discrete vein or zone (ca 1 cm wide) containing IRPS minerals in addition 
to olivine, pyroxene and garnet. Within the vein, the normal peridotite minerals uniformly 
have relatively small grain size and thus contrast texturally with the features of the host rock 
peridotites (Harte et al., 1975). Conspicuous phiogopite crystals up to 1.5 mm across are 
locally concentrated near the margin of the vein and sometimes carry tiny inclusions of 
oxides and silicate. Rutile is the dominant oxide phase, ilmenite and sulphides are low in 
concentration and spinel occurs only as exsolution lamellae in rutile. 
Chemical analysis of the silicates in the modal metasomatic zones, the discrete IRPS-bearing 
veins and the pyroxenite sheets have shown the minerals to be commonly homogeneous and 
also to have similar compositions in specimens LBM 22, 90, 131, though clouding and 
exsolution in orthopyroxenes sometimes complicates analysis (Harte et al., 1987). For the 
purposes of this study, several electron probe analyses were performed on minerals in LBM 
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32 to confirm homogeneity within the silicate minerals in the IRPS metasomatic zone. This 
data is presented in Table A.Sa-e (Appendix A). Variations in Fe/(Fe+Mg) number between 
each grain range from 0.005 cations in the case of clinopyroxenes, olivines, and garnets to 
0.006 cations in the phloopites and 0.02 cations in the orthopyroxenes. Core and rim 
analyses of the grains reveal little variation in Fe/(Fe+Mg) number across the crystals. 
7.32 METHOD 
Having established that the zones of interest in these four rocks indicate both textural and 
chemical equilibrium, it was decided that these rocks were suitable for a study of mineral-
mineral partition coefficients. These rocks are particularly applicable for partition 
coefficients for use with the polymict peridotites due to the incredible similarity of the 
metasomatic assemblage in both groups of rocks (see also Chapters 3,4 and 5). 
Having assessed the suitability of the rocks, two polished round thin sections of each of the 
four rocks were cut. The two thin sections in each case were either directly next to one 
another or taken from adjacent faces of two slices of xenolith. Areas in each of the sections 
were selected for analysis on the basis of textural and mineralogical criteria. Equant grains 
of each mineral in close proximity to the minerals of the whole assemblage were chosen i.e. 
grains which texturally appeared to be in equilibrium. In conjunction with the 
aforementioned homogeneity cheeks, these areas satisfied the equilibration requirements of a 
partition coefficient study. 
Approximately three grains of each mineral (orthopyroxene, olivine, clinopyroxene, 
phlogopite and garnet) were analysed in each section depending on quality and availability 
of grains. The minerals were analysed using both Laser ICP-MS and SIMS techniques. 
These techniques are described in detail in Appendices B and C. It is important to note here 
that the data from each of these methods is slightly different in terms of elements analysed. 
In the case of the Laser ICP-MS data, each mineral, regardless of phase, was analysed for 
Cs, Rb, Li, Sr, Ba, La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Y, Zr, Nb and Ti. Elements were 
chosen more specifically for each mineral during the SIMS analysis. This was due to the 
significantly increased counting time for trace element analysis by SIMS compared to Laser 
ICP-MS which meant it was more productive to analyse for the elements which are present 
in higher concentrations. Thus fewer elements were counted in phiogopites and olivines 
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than in garnets and clinopyroxenes. The specific elements analysed by ion microprobe can 
be seen in Appendix B. 
Another difference between the two analytical techniques is the beam size. In SIMS analysis 
it is possible to measure concentrations using a very small beam of less than 30 microns. 
This means that very specific areas can be targeted, which was useful in this study when 
considering cloudy and clear orthopyroxenes (see Chapter 6) and highly altered garnet 
grains. In comparison, the beam used in the Laser ICP-MS analysis is 100 microns in 
diameter, so that in some rocks it was impossible to analyse garnet crystals without 
encompassing the kelyphitic rims and it was also difficult to target clear areas of 
orthopyroxene. 
7.33 RESULTS 
Figure 7.2 shows chondrite normalised trace element data for clinopyroxenes, 
orthopyroxenes, garnet, phiogopite and olivines in each of the four Matsoku rocks. Each 
graph shows a representative selection of ion probe and laser ICP-MS data. Plots of 
representative errors on typical analyses of both ion probe and laser ICP-MS data are also 
presented. These errors are tabulated in Appendices B and C. The clinopyroxene data 
(figure 7.2a) is extremely well constrained. Differences in the laser data and the ion probe 
data are seen for the orthopyroxenes (figure 7.2b), with the ion probe data for 
orthopyroxenes in each rock showing lower concentrations than the laser data. This is most 
probably because the smaller beam size of the ion probe meant that inclusion-free areas in 
the orthopyroxenes could be targeted. The considerably larger beam size of the laser ICP-
MS made it impossible to avoid analysing areas of orthopyroxene with inclusions. 
The garnet trace element compositions (figure 7.2c) also show some differences between the 
laser and ion probe data. The REE profiles are quite well constrained but the laser data 
shows much higher LILE concentrations in the garnets than the ion probe data. Again it is 
most likely that this feature is a result of the larger beam size of the laser ICP-MS which 
makes it impossible to target crack-free and alteration-free areas of the garnet grains. The 
garnets in these xenoliths are quite extensively altered and in the case of LBM 13 1 Y, there is 
so little of the original garnet grains remaining that it has not even been possible to obtain 
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Fig 7.2a continued. Typical counting errors calculated from the counting statistics 
from a typical SIMS clinoyroxene analysis and a typical ICP-MS clinopyroxene analysis. 
The counting statistics and analytical protocol were the same for all samples. 
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Fig 7.2a Results of trace element analysis of clinopyrOxefleS in Matsoku xenoliths by SIMS and Laser ICP-MS. Representative errors are shown 













Fig 7.2b continued. Typical counting errors calculated from the counting statistics from 
a typical SIMS orthopyroxene analysis and a typical ICP-MS orthopyroxene analysis. 
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Fig 7.2c Results of trace element analysis of garnets in Matsoku xenoliths by SIMS and Laser ICP-MS. the bottom right hand graph shows 
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Fig 7,2d Results of trace element analysis of phiogopites in Matsoku xenoliths by SIMS and Laser lOP-MS. The top right hand graph shows 
representative errors on typical analyses. 
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Fig 7.2e continued. Typical counting errors calculated from the counting statistics from 
a typical SIMS olivine analysis and a typical ICP-MS olivine analysis. The counting statistics 
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Fig 7.2e Results of trace element analysis of ohvines in Matsoku xenoliths by SIMS and Laser ICP-MS. Representative errors are shown on the 
opposite page. 
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Figure 7.2d shows trace element concentrations in phlogopites. As previously mentioned, 
fewer elements have been measured by SIMS analysis than Laser ICP-MS. The profiles 
shown on the graph have been interpolated where data is missing. The elements that have 
been iiieasured using both techniques are reasonably well constrained in concentration. 
Figure 7.2e shows a similar situation for the olivine trace element concentrations. Where 
elements have been measured by both laser and ion probe, the concentrations are very 
similar. The REE data provided by the laser ICP-MS analysis is not quite as consistent as 
that seen for the other phases. This is probably a result of the low concentrations of these 
elements in olivines which makes the errors on the analysis slightly larger. 
The average trace element concentration of each of the phases has been used to calculate a 
mineral-mineral partition coefficient for each phase relative to clinopyroxene in each of the 
xenoliths. Figure 7.3 shows the average trace element profile for each phase in each 
xenolith. These averages have been calculated using selected data from figure 7.2. In the 
case of the garnets and orthopyroxenes, the averages have been calculated using only the ion 
probe data in order to avoid the effects of inclusions, cracks and alteration on the 
compositions. Since only ion microprobe data has been considered for the garnet analyses, 
similarly only the ion probe data has been used to calculate the average of the clinopyroxene 
data, as the partitioning of elements between clinopyroxene and garnet is closely related. 
The average trace element concentrations in phlogopites and olivines have been calculated 
using both ion probe and laser data in order to get the maximum range of elements for these 
phases. 
Mineral-mineral partition coefficients relative to clinopyroxene have been calculated using 
these average trace element concentrations using the theory explained in section 7.2 [that the 
partition coefficient for an element between a phase and clinopyroxene is derived by 
dividing the weight fraction of the element in the particular phase by the weight fraction of 
that element in clinopyroxene]. The resulting mineral-mineral partition coefficients are 
shown in figure 7.4. 
The partition coefficients for each phase relative to clinopyroxene are similar in each of the 
xenoliths. The graphs in figure 7.4 illustrate the preference of most elements to substitute 
into clinopyroxene. The main exception to this is the clinopyroxene-garnet coefficients. 
Clearly the HREE will substitute into garnet rather than clinopyroxene. These mineral-
mineral partition coefficients are compared to mineral-mineral partition coefficients for 
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Fig 7.3 Average trace element composition of orthopyroxene, clinopyroxene, garnet, phlogopite and olivine in each of the Matsoku xenoliths 
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Fig 7.4 Clinopyroxene-mineral partition coefficients for orthopyroxene, garnet, phlogopite and olivine in Matsoku xenoliths LBM 32, 22, 90, 131Y. 
Data from the literature is shown for comparison, see text for details of references. All Matsoku (LBM) partition coefficients are relevant to a 
temperature of 1050°C. 
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different xenoliths and megacrysts. The comparison data has come from a variety of sources. 
The Frey ci al. data are based predominantly on compositions of megacrysts from an 
Auckland Island olivine basalt (Frey ci at, 1978, set 1, table A- 1). These data sets are 
mineral-melt coefficients that have been used in conjunction to achieve mineral-mineral 
coefficients. The McKenzie and O'Nions (1991) data are also mineral-melt coefficients and 
are taken predominantly from Hanson (1980). M325, LBM 137, JAGI3 and the MARID 
and Eifel trace element data have been provided by 1-larte (2000, pers comm). It can be seen 
that there is a difference in values for the LREE. This can be attributed to slight differences 
in temperature of each of the xenoliths. LBM 137 is another Matsoku xenolith and its 
temperature and pressure will therefore be comparable with that calculated in this study. It 
can be seen that the cpx-grt partition coefficient from LBM 137 is in very close agreement 
with that of LBM 32, 90 and 22. The megacrysts of Frey ci at (1978) have been derived 
from temperatures of approximately 1200 °C and pressures of approximately 30 kbars. The 
original McKenzie and O'Nions (1991) mineral-melt data is based on the cpx-melt partition 
coefficients of Grutzeck ci at (1974) which is based on a temperature of 1265 T. 
Considering these temperatures, it can be seen (figure 7.4) that mineral-mineral partition 
coefficients for LREE in each phase increase with decreasing temperature. 
An average of the mineral-mineral partition coefficients for each phase has been calculated 
for the four rocks. These average mineral-mineral partition coefficients are shown in Table 
5. Mineral-melt partition coefficients have been calculated for each of the phases using cpx-
melt partition coefficients from a compilation of Grutzeck et at (1974) and Hart and Dunn 
(1993) data. The Grutzeck et al. (1974) and Hart and Dunn (1993) data provides a set of 
cpx-melt partition coefficients at a temperature of 1300 °C and a pressure of I bar. It has 
long been recognised that partition coefficients are dependent on temperature, pressure and 
compdsition (see section 7.2) and figure 7.4 outlines the effect that different temperatures 
can have on partition coefficients. Pressure and temperature calculations have been 
performed on the Matsoku xenoliths using the Brey and Kohler (1990) thermometer and 
barometer and the O'Neill and Wood (1979) thermometer as a comparison. The results are 
shown in figure 7.5. 
It can be seen that the average values for temperature and pressure of the Matsoku xenoliths 
are 1050 °C and 45 kbars. These values are not complimentary to the values of the cpx-melt 
partition coefficients from the Grutzeck etal. (1974) and Hart and Dunn (1993) compilation. 
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Table 5 Average clinopyroxene-mineral partition coefficients for the four Matsoku xenoliths LBM 32, 















































































850 900 	950 	1000 	1050 	1100 	1150 	1200 	1250 
I(-C) 
Fig 7.5 Pressure and temperatures of Matsoku xenolith LBM 32 calculated using the thermometer and 
barometer of Brey and Kohler (1990) and the thermometer of O'Neill and Wood (1979). 
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As a result, it would be inappropriate to use these actual values for the calculation of 
mineral-melt partition coefficients using the Matsoku mineral-mineral partition coefficients. 
Wood and Blundy (1997), however, devised a series of calculations, which enables partition 
coefficients to be calculated taking account of the relevant pressure and temperature. These 
calculations are based on the Young's Modulus (E8 — see section 7.2) of the M2 cation site in 
clinopyroxene, the site radius (r0  - see section 7.2), the pressure and temperature of the 
starting partition coefficient and the desired pressure and temperature to which the resulting 
partition coefficient will be applied. 
Wood and Blundy (1997) explain how the whole partition coefficient set can be calculated in 
this way with knowledge of only one cpx-melt partition coefficient (see section 7.2). The 
Young's Modulus of the M2 site differs according to the charge on the substituting cation. 
However, Wood and Blundy (1997) found a simple relationship between the Young's 
Modulus of the M2 site when a cation with 3+ charge is substituting compared to a cation of 
2+ charge and I + charge: 
M2 = l.5E 2 
	 (5) 
Wood and Blundy (1997) also show how Young's Modulus could be obtained a cation with 
3+ charge: 
= 318.6 + 6.91' - 0.036TGPa 
	 (6) 
where P is in GPa and T is in K. 
These relationships have enabled the correction of cpx-melt partition coefficients for cations 
with 2+ charge (and 4+ charge by extrapolation of the aforementioned relationship) to 
temperatures and pressures applicable to this study. 
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The equation for the calculation of a set of partition coefficients using known D (cpx-melt) 
for one middle REE is as follows (Wood and Blundy, 1997) (see also section 7.2): 
2 	1 	3 "\ '\ 
_4,rEM2N4t(? 	




Where NA is Avogadro's number 
EM2 is the Young's Modulus of the site 
R is the gas constant 
Tis temperature in K 
D, is the known cpx-melt partition coefficient (Nernst partition coefficient) 
ri is the radius of the substituting ion 
and 	r0 is the site radius. 
The value of r,, (A)can be calculated using the following expression (after Wood and 
Blundy, 1997): 
=0.974+0.067X 2 —O.O51X,i 1 Ca (7) 
Where X 2  is the cation number of Ca in the M2 site and X' is the cation number of Al inAl 
the Ml site of clinopyroxene. 
However, using this expression (7) for a selection of clinopyroxenes in mantle peridotites 
and megacrysts (J 12, 11776, LBM 32 and M325) showed that the value of r 0 varies very 
little. As a result, equation (4) was rearranged to exclude the expression 
- r0 ) 2 + 	- 	and thus simplify the calculation. The derivation of equation 
(4) without the expresion 	- r0 ) 2 + 	
- 	
and accounting for values of A  and 
D. at two different temperatures (T 1 and T 2) is as follows: 
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Thus equation (13) has been used in conjunction with equations (5) and (6) and the known 
value of the cpx-melt partition coefficient for Sm at TI of 1300°C (0.276 - from the 
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compilation of Grutzeck et al. (1974) and Hart and Dunn (1993)) to calculate a set of cpx-
melt partition coefficients at T2 of 1050 °C. 
Figure 7.6 shows the cpx-melt partition coefficients of Grutzeck et at (1974) and Hart and 
Dunn (1993), corrected to a range of pressures and temperatures using the above calculation, 
plotted against lIT (after Harte etal., 1996). This graph indicates a decrease in the range of 
partition coefficients with increasing temperature. For example, Di cpx-melt for La at a 
temperature of 1073K is 0.02 whilst Di cp-melt for Yb at the same temperature is 0.58. At a 
temperature of 1673K, the difference between these two coefficients is decreased with Di 
cpx-melt for La is 0.05 whilst Di cpx-melt for Yb is 0.45. This is in agreement with the 
results of Flarte et al. (1996) and supports the calculation of partition coefficients to different 
pressures and temperatures as devised by Wood and Blundy (1997). 
One further correction was performed on the mineral-melt partition coefficient data. The 
cpx-melt data of Grutzeck etal. (1974) and Hart and Dunn (1993) does not contain a value 
for Ho or Y. These elements provide a good reference point for the quality of trace element 
data sets and hence it was considered important to incorporate a partition coefficient for 
them. A value for the cpx-melt partition coefficient of Ho was obtained by interpolating 
between the values of the Dy and Er partition coefficients which lie either side of Ho in 
thetrace element profile. The partition coefficient for Y was assumed to be of the same order 
as that for Ho. Both of these interpolated values have been subject to the relevant pressure 
and temperature corrections outlined above. The resulting full set of mineral-melt partition 
coefficients for the Matsoku xenoliths are shown in Table 6 and plotted in figure 7.7, 
alongside previous data for comparative purposes. 
Again the data used for comparison has a variety of sources. The Frey et at data is taken 
directly from Frey et at (1978, set], table A-i). The McKenzie and U'Nions (1991) data is 
based on Hanson (1980) who calculated orthopyroxene-melt D1's using cpx-opx D,' s from 
peridotite nodule GSFC 20 (Philpotts etal., 1972) and clinopyroxene-melts D,'s from 
Grutzeck etal. (1974). The olivine-melt D,'s were estimated using clinopyroxene-olivine 
D,'s and clinopyroxene-melt D1 's from Grutzeck ci at (1974). The garnet-melt comparison 
data is from Shimizu and Kushiro (1975). The phiogopite-melt data has been taken from 
Gregoire ci at (2000) and is based on partitioning between phlogopites and silicate melts in 
phlogdpites from poikilitic harzburgites and phlogopitic dunites. 
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Fig 7.6 Cpx-melt partition coefficients, determined using a compilation of Grutzeck et al. (1974) and 
Hart and Dunn (1993) data, calculated at different temperatures using the equations defined by Wood 
and Blundy (1997). 
Table 6 Mineral-melt partition coefficients for the four Matsoku xenoliths LBM 32, LBM 90, LBM 22 
and LBM 131Y. 
Element OPX-MELT PHLOG-MELT GRT-MELT OLIVINE-MELT 
Rb 0.014 1.393 0.001 0.001 
Li 
Sr 0.000 0.010 0.000 0.000 
Ba 0.000 0.314 0.000 0.000 
La 0.000 0.001 0.000 0.000 
Ce 0.000 0.000 0.001 0.000 
Pr 
Nd 0.000 0.000 0.015 0.001 
Sm 0.002 0.004 0.111 0.006 
Eu 0.002 0.010 0.245 0.020 
Gd 0.007 0.403 0.014 
Tb 
Dy 0.005 0.018 1.954 0.028 
Ho 0.008 3.090 
Er 0.012 0.015 3.534 0.029 
Yb 0.036 7.111 0.028 
Lu 0.046 11.957 
Y 0.010 0.007 3.343 0.004 
Zr 0.001 0.006 0.143 0.001 
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C' 	 Fig 7.7 Average a) opx-melt, b)grt-melt, C) phlog-melt and d) ol-melt partition coefficients of the Matsoku xenoliths LBM 32, 22, 90, 131Y. See 
text for details of literature comparison data. 
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The effect of temperature on partition ceofficients can again be seen in the mineral-melt 
partition coefficients. The McKenzie and O'Nions (1991) partition coefficients can be seen 
to be higher than the Matsoku and Frey et al. (1978) partition coefficients. The McKenzie 
and O'Nions (1991) partition coefficients have been calculated using Grutzeck et al. (1974) 
cpx-melt partition coefficients and are, therefore, appropriate to temperatures of 1265 °C and 
pressures of I bar. The Frey ci al. (1978) partition coefficients are appropriate to 
temperatures of 1200 T. The partition coefficients of Gregoire etal. (2000) are appropriate 
to temperatures of between 850 and 1000 °C. It can be seen in figure 7.7 that mineral-melt 
partition coefficients increase with increasing temperature and that this is consistent for the 
opx-melt, grt-melt and phlog-melt partition coefficients. 
All four mineral-melt coefficients increase through the REE. This increase is most marked 
in the base of grt-melt D. Grt-melt D, opx-melt D and phlog-melt D all show a close 
correlation with the data sited from the literature. The ol-melt D1 is less comparable with the 
literature as expected from the previous cpx-ol D1  (figure 7.4d). Apart from an anomalous 
Eu value, however, the general trend of the coefficient through the REE is similar to that of 
the literature data. Ratios of the elements which determine the shape of the pattern for the 
partition coefficients (mineral-melt) for a given mineral are consistent irrespective of 
temperature and composition (Philpotts, 1978). 
Figure 7.8 shows mineral-melt partition coefficients plotted against cation radius in 
angstroms. It is well known (Onuma etal., 1968; Jensen, 1973; Henderson, 1982; Blundy 
and Wood, 1994) that plots of Di versus ri for a series of isovalent cations describe parabolas 
with maxima corresponding to the size of crystal lattice site(s) on which substitution occurs 
(see section 7.2). The data in figure 7.8 is generally insufficient to define more than one 
limb of a parabola, and therefore, does not define curves such that the ideal lattice site can be 
determined. However, the data show a regularity, particularly with respect to the REE, 
which supports their application in examining the polymict peridotites and their melt 
compositions. 
7.4 SUMMARY 
The partition coefficients between clinopyroxene and orthopyroxene, olivine. garnet and 
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Fig 7.8 a) opx-melt, b) grt-melt, C) phiog-melt and d)oI-melt partition coefficients plotted against cation radius in angstroms for series of homovalent 
cations. 
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Matsoku xenoliths clearly show that most elements, but in particular the REE, will 
preferentially partition into clinopyroxene. The major exception to this statement is the 
HREE with respect to the cpx-grt partition coefficient, where it can be seen that Er, Dy and 
Yb (along with Zr and Y) will preferentially partition into garnet. The mineral-mineral 
partition coefficients for these Matsoku xenoliths are in good agreement with data published 
in the literature given that differences in temperature and pressure exist and can result in a 
spread of values for the LREE in some cases. 
Mineral-melt partition coefficients have been calculated from the mineral-mineral partition 
coefficients and a set of cpx-melt partition coefficients from a compilation of Grutzeck et al. 
(1974) and Hart and Dunn (1993) data. The difference in temperature between the cpx-melt 
partition coefficients and the Matsoku xenoliths has been recognised and corrections have 
been performed accordingly following the work of Wood and Blundy (1997). The resulting 
minerAl-melt partition coefficient graphs give an indication of the melt compositions that 
might be expected from this type of assemblage. Melts in equilibrium with orthopyroxene, 
phlogopite and particularly garnet will be enriched in .LREE. The HREE, Y and Zr are the 
only trace elements showing compatible behaviour and this is limited to the garnet phase. 
Melts in equilibrium with olivine are likely to be enriched in most of the elements. This is 
due to olivine being a poor reservoir of REE. 
The graphs of partition coefficient versus cation radius show regularity of the data and the 
strong control of ionic radius and valency are clearly present. 
These mineral-melt partition coefficients have been determined using data from natural rocks 
which have been shown to have good evidence of textural and chemical equilibrium and 
appropriate chemical compositions. The chosen rocks show similarities to the polymict 
peridotites in their metasomatic suite. The effect of temperature and pressure on the 
experimental data for cpx-melt partition coefficients has been calculated. Thus considerable 
effort has been made to obtain an appropriate set of mineral-melt partition coefficients which 
may be used to assess the melt compositions which might have been in equilibrium with the 
polymict peridotites. 
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CHAPTER 8: THE NATURE OF THE METASOMATIC MELT 
8.1 INTRODUCTION 
The previous chapters have provided evidence to suggest that the polymict peridotites have 
been affected by metasomatism. Petrographically these xenoliths can be seen to contain 
ilmenites, rutiles, phlogopites and sulphides, which bear a resemblance to the IRPS modal 
metasOmatic suite documented in the Matsoku xenoliths (Harte and Gurney, 1975; Harte et 
at, 1987, 1993). One polymict xenolith (BD 2394) contains an area of fine-grained matrix 
which is composed of small intergrown garnets, orthopyroxenes, phlogopites and ilmenites. 
Although fine-grained matrix exists in other polymict peridotites, that of BD 2394 is unique 
in showing apparent simultaneous direct crystallisation of all four phases (orthopyroxene, 
phlogopite, garnet, ilmenite) from melt. The larger clasts in polymict peridotites, 
particularly the phlogopites and orthopyroxenes, often show petrographic rims. Chapter 4 
details the major element chemistries of the phases in polymict peridotites. The cores of the 
clasts reveal a wide variety of chemistries and therefore origins of the individual phases. 
The rim compositions, however, show much convergence on a common set of compositions, 
and in Chapters 4, 5 and 6, it has been argued that these rim/matrix compositions are 
indicative of interaction with an external source. This external source is correlated with the 
IRPS metasomatic silicate melt. 
This chapter  attempts to constrain the composition of the metasomatic melt which has been 
interacting with the phases in the polymict peridotites. The possible nature of the 
metasomatic melt is further discussed with reference to previous research, and its 
composition is calculated using trace element compositions of phases in polymicts and the 
mineral-melt partition coefficients derived in Chapter 7. These compositions are compared 
to previously documented metasomatic agents. Finally, the evolution of the metasomatic 
melt is investigated and the implications of this evolution are explored. 
8.2 THE NATURE OF THE METASOMATIC FLUID 
There has been a lot of ambiguity surrounding the nature of metasomatic fluids/melts. 
Similarities in fluids/melts which have been involved in modal metasomatism have been 
noted, but emphasis has often been placed on fluids rather than melts. Menzies et at (1987) 
preferred a hydrous fluid as the origin of amphibole- and mica-rich metasomatism, as a result 
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of the low Ti characteristics. Harte ci at (1993) suggest that such low Ti characteristics are 
a result of earlier, much deeper fractional crystallisation of ilmenite from a melt e.g. as in the 
Matsoku metasomites (Harte ci al., 1987). Harte ci at (1993) conclude that the more 
evolved melts must be rich in H 20 on account of the widespread occurrence of hydrous 
metasomatic phases. However, they note little difference in the trace element patterns of the 
hydrous phases compared to the other phases, which does not support the precipitation of the 
hydrous phases from a fluid which was distinct from a melt. The similarity in trace element 
compositions is supported by the continuum of wide variations in modal mineral proportions, 
both hydrous and anhydrous, in various dykes, veins and metasomites (Harte etal., 1993). 
This conclusion is supported by Kramers ci at (1983) and also by the experimental data of 
Edgar ci at (1976) and Waters (1987) which proves that hydrous assemblages can crystallise 
from a melt containing as little as 15% H20. Harte ci at (1993) are careful to point out that 
the evidence in support of a melt origin for metasomatic phases does not rule out the 
possibility of hydrous phases coexisting with melts. 
With respect to the polymict peridotites, it is clear from the petrographic data (Chapter 3) 
and the mineral chemical data (Chapters 4 and 5) that the modal metasomatism involves the 
growth (as rims) of orthopyroxene and garnet, as well as precipitation of ilmenite, rutile, 
phlogopite and sulphides (IRPS). Clearly, the metasomatising agent was Si-bearing and in 
equilibrium with common mantle phases. In addition, overwhelming evidence that the 
metasomatism has been caused by the interaction of the polymicts with a silicate melt comes 
from the crystalline matrix of BD 2394. This matrix consists of orthopyroxene, garnet and 
phlogopite, which are chemically similar to the rims of other grains within the polymicts. 
This observation has led to the conclusion that the matrix has crystallised from the 
introduced metasomatic agent and the agent must be a type of silicate melt. 
The ilmenite, rutile, phlogopite and sulphide minerals which make up the metasomatic 
assemblage in the polymicts is incredibly similar to the metasomatic assemblage in the 
Matsoku xenoliths as documented by Barre and Gurney (1975) and Harte ci at (1987, 1993). 
Harte ci at (1987) concluded that the modal metasomatism in the Matsoku xenoliths was the 
result of interaction with an infiltrating fluid, since the scale of the influx was too large to be 
ascribed to metasomatism by diffusion. Pyroxenite sheets with gross features of intrusive 
magmatic units and sharply defined boundaries occur within the Matsoku coarse peridotites 
(Harte ci at, 1987). The similarities in mineral compositions between modal metasomatic 
peridotites, discrete IRPS-bearing veins and pyroxenite sheets led Harte ci at (1987) to 
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conclude that the melts forming the pyroxenite sheets with intrusive appearance and the 
fluids causing modal metasomatism are intimately related. Therefore it is most likely that 
the metasomatic agent for the IRPS suite seen both in Matsoku xenoliths and polymict 
peridotites is a silicate melt. 
There are several lines of evidence to suggest that the melt which has interacted with the 
phases in polymict peridotites was present in small volumes. The first is the sparse amount 
of obvious crystallised melt in the rocks. Clearly the melt volumes were relatively small or 
we would expect more areas of matrix to be present in the xenoliths. Also the metasomatism 
documented in polymict peridotites (Chapter 4) appears to be fairly localised with 
heterogeneous and homogenous grains occurring within centimetres of each other. This is 
indicative of a small volume of melt which is not of great enough extent to come into contact 
with all of the grains within the one polymict, leaving some affected by metasomatism and 
others homogenous in terms of major elements. 
McKenzie (1985, 1989) proposed a process that could explain the mobility of melts present 
in small volumes through his investigations into two-phase flow. At small melt fractions, 
and assuming melt interconnectivity along grain edges, the rate of separation of melt and 
matrix is governed by viscosity of the melt and the density contrast between melt and matrix 
(McKenzie, 1989). Using values for the parameters which are appropriate to the 
asthenosphere along with the time taken for the initial melt to separate from a layer of 
specific thickness, McKenzie (1989) was able to calculate an estimate of the melt fraction by 
volume which is separating. This estimate for the melt fraction that is likely to be present in 
the mantle is approximately 0.3%. Taking into account the thermal Peclet number, the 
thermal diffusivity, the plate thickness and the volume flux of melt and matrix, McKenzie 
(1989) deduced that the movement of asthenospheric melt upwards does not affect the 
thermal structure within the plates, even when their thickness is as great as 200km. He 
concluded that the small volume melt will percolate upwards through the lithosphere until it 
reaches its solidus temperature and freezes. McKenzie (1989) believes that these 
calculations are applicable to most of the lithosphere and that the results explain why 
magmas produced from the asthenosphere are almost never erupted even though they are 
probably moving upwards almost everywhere. The exception to this statement is of course 
kimberlite or lamproite magmas, which are most likely to have collected into channels 
before they leave their source region and are therefore able to propagate towards the surface 
(McKenzie, 1989). 
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8.3. COMPOSITION OF THE METASOMATIC MELT 
The trace element compositions of melts coexisting with phases in polymict peridotites have 
been calculated from mineral rim and matrix data (see Chapter 6 and Appendix C) using the 
partition coefficients derived in Chapter 7. The mineral-melt partition coefficients have been 
modified to ensure they are applicable for rocks at 1050 °C, which is the observed 
temperature for the Matsoku xenoliths (see Chapter 7) and is believed to be a suitable 
temperature for the polymict peridotites, on account of the similarities between the modal 
metasomatic assemblage in both suites. The mineral-melt partition coefficients are 
documented in Table 6 (Chapter 7). 
Chapter 6 describes the enigmatic nature of some of the trace element compositions shown 
by the polymict phases. As a result of this, the data from the polymict peridotites that has 
been used to calculate the melt compositions has been chosen very carefully. In the first 
instance, I have used the trace element compositions of the minerals in the fine-grained 
matrix area of BD 2394. Texturally this area appears to be the product of direct 
crystallisation of a silicate melt (Chapter 3). The major element compositions (Chapter 4) 
shows that the orthopyroxenes, phlogopites and garnets in this area are homogeneous and 
similar in Fe/Fe+Mg to the metasomatised rims of the other mineral grains. The melt 
compositions derived from these minerals are discussed in section 8.3.1. Rather more 
tentatively, melt compositions have also been calculated using other selected garnet and 
phlogopite rim trace element compositions from different polymicts. These rim trace 
element compositions have been chosen since they show a rim composition which is distinct 
from the cores and also these rim compositions show some level of convergence towards 
common compositions. The melt compositions calculated using these trace elements are 
discussed in section 8.3.2. Unfortunately the trace element compositions of the 
orthopyroxene crystals never show converging rims and are difficult to use in these 
calculations. Finally in this section, the calculated melt compositions are compared to melt 
compdsitions which are documented in the literature. 
8.3.1 Melts in equilibrium with BD 2394 matrix 
The melts calculated to be in equilibrium with the phases in the fine-grained matrix area of 
BD 2394 are shown in figure 8.1. Each melt profile represents a composition calculated 
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Fig 8.1 Compositions of melts in equilibrium with a) garnets, b) orthopyroxenes and C) phlogopites in the fine grained area of BD 2394 d) average 
garnet, orthopyroxene and phlogopite melt in the fine grained area 
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constrained. It can be seen that the melt compositions in equilibrium with the garnet (figure 
8.1a), orthopyroxene (figure 8.1b) and phlogopite (figure 8.1c) are similar. Each shows a 
substantial LaJLu gradient. The largest difference in melt compositions both within and 
between phases is in the LILE content of the melt. These are reasonably well constrained in 
the melts in equilibrium with phlogopite, but show ranges of as large as 130 to 10000 x 
chondrite for Ba and La in melts in equilibrium with garnet and orthopyroxenes. Y, Zr and 
Nb in the melts are generally well constrained with the exception of the Zr and Nb in melts 
in equilibrium with orthopyroxene which show a range of compositions spanning an order of 
magnitude. 
Figure 8.1d shows the average composition of melts in equilibrium with the phases in the 
fine grained area of BD 2394. Some elements in the melt compositions show very similar 
abundances. These include Rb, Ho, Er, Y, Zr and Nb. The melts show slight differences in 
abundances of Ba, La and Sm. The melts in equilibrium with garnet are approximately 50 x 
chondrite lower in concentrations of Eu to Dy and Lu than those in equilibrium with 
orthopyroxene. There is no available phlogopite data for Eu to Y since the abundances of 
these elements in phiogopite are typically very low and often below detection limits. 
Although the general slope of the melt compositions is similar for melts in equilibrium with 
all three minerals, it was expected that the REE concentrations in the melts would coincide 
more closely. 
In order to check the various calculations, a clinopyroxene composition in equilibrium with 
each of the three melts has been calculated using the cpx-melt partition coefficients derived 
in Chapter 7. This has been compared to a clinopyroxene composition calculated to be in 
equilibrium with each of the phases, using the cpx-mineral partition coefficients derived in 
Chapter 7. These clinopyroxene compositions are plotted in figure 8.2. The composition of 
the clinopyroxene in equilibrium with one phase (garnet, orthopyroxene and phiogopite) and 
the melt calculated from that phase are identical. This has provided a test of the validity of 
the pattition coefficients. In light of this result, it is suggested that the difference in REE 
concentrations in the melts are indicative of the very small scale of local equilibrium within 
the fine-grained matrix area of BD 2394. This may be related to the small volume of melt 
interacting with the peridotite matrix. This is further investigated in the following section by 
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Fig 8.2a Composition of clinopyroxene in equilibrium with the garnet, orthopyroxene 
and phiogopite melts from the tine grained area of BD 2394, Cpx-melt partition 
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Fig 8.2b Composition of clinopyroxene in equilibrium with the garnet, orthopyroxene 
and ptilogopite from the tine grained area of BD 2394. Cpx-mineral partition 
coefficients as derived in chapter 7. 
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8.3.2 Evidence from other polymict phases 
Figure 6.7 in Chapter 6 documents polymict peridotites in which phlogopite crystals show 
convergence in the trace element composition of their rims. Figure 8.3 shows the calculated 
melt compositions in equilibrium with those rims. The average melt composition in 
equilibrium with phlogopites in the fine grained area of BD 2394 is plotted for comparison. 
The melts show very similar compositions for all the elements except Ce and Nd. The melt 
compositions can be divided into two well constrained groups according to their Ce and Nd 
concentrations. LM I PHI, LM I PH5, JJG 2419 PH5 and JiG 2419 P1-17 show high Cc 
(>1000 x chondrite) and Nd (>150 x chondrite) concentrations compared to JiG 513 PH6 
and JiG 2115 PH4, which show Ce and Nd concentrations of 140 x chondrite and 100— 110 
x chondrite respectively. As already stated in Chapter 6, these two groups of rim 
compositions do not correspond to the two groups defined by the Fe/Fe+Mg ratio (Chapter 
4). The average melt composition in equilibrium with phlogopite crystals in the fine grained 
area of BD 2394 is much closer to the lower group of melts. 
Figure 8.4 shows the calculated melt compositions in equilibrium with the rims of two 
different garnet crystals in polymict XM2. This polymict contains heterogeneous garnets 
whose trace element compositions reveal a general increase in abundance in the rims (see 
figure 6.1Ob, Chapter 6). Although the rim compositions do not converge on a similar 
composition, they both show increasing trace element concentrations relative to the cores 
and therefore follow the major element trend of moving towards a common composition 
which is distinct from the core composition. The difference in their trace element 
composition is reflected in the composition of the melts in equilibrium with the rims of the 
two crystals. The melt in equilibrium with the rim of XM2 GTI is lower in concentration of 
all trace elements than that in equilibrium with the rim of XM2 GT2. The largest difference 
in composition of the melts is again in the LILE, with the melt in equilibrium with the rim of 
XM2 GT1 being almost two orders of magnitude lower than the Sr and Ba concentration in 
the Xty12 GT2 melt. The LILE concentrations in the melt in equilibrium with the garnets in 
the fine-grained matrix area of RD 2394 are intermediate to these two extremes. Although 
the concentrations of elements in the two melts in equilibrium with XM2 garnet rims are 
different, they do show a similar profile and both have La/Lu ratios of 1000 x chondrite. The 
slope of the melt composition with respect to the REE is also very similar to that shown by 
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Fig 8.3 Comparison of melts in equilibrium with phiogopite minerals in polymict 
peridotites. BD2394 matrix = melt in equilibrium with phlogopite in the fine-grained 
matrix area of BD 2394. 
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Fig 8.4 Comparison of melts in equilibrium with garnet in polymict peridotites. 
BD 2394 matrix = melt in equilibrium with garnet in the fine-grained matrix area of 
BD 2394. 
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It would seem that the general pattern with these melt compositions is that the overall profile 
is similar, regardless of the phase which the melt is in equilibrium with. This applies even 
though the exact concentrations of specific elements in the melts might vary both between 
phases and within crystals of the same phase. The similarity of the profiles shown by the 
melts is suggestive of an evolutionary trend. The fact that the melts in equilibrium with two 
crystals of the same phase in one rock can show vastly different concentrations of elements 
(as in the case of the two garnets in XM2) indicates that this evolution is rapid i.e. interaction 
of the melt with one crystal in a polymict is causing large changes in the composition of the 
melt. This is both in keeping with and supportive of the conclusion that the melt interacting 
with the polymict peridotites is a small volume melt. Crystallisation of phases or the 
exchange of elements is more likely to have a dramatic effect on the composition of a very 
small volume melt than on that of a melt of larger volume. 
Figure 8.5a shows the compositions of melts in equilibrium with garnet and phlogopite in the 
fine-grained matrix area of BD 2394, garnets in XM2 and a selection of phlogopite rims. 
This figure supports the observation that regardless of phase or concentration of elements, 
the profiles of the melt compositions in equilibrium with the polymict phases are 
comparable, particularly for the BEE (excluding La) and the HFSE. Figure 8.5b shows the 
trace element compositions of these crystals. 
Returning to BD 2394, the thin section containing the fine-grained matrix area also shows a 
garnet surrounded by a distinct overgrowth (see Chapter 3, figure 3.14). Adjacent to this 
garnet is a rimmed orthopyroxene. Another rimmed orthopyroxene occurs about 1 cm away, 
but still close to the fine-grained matrix area. The melt compositions calculated to be in 
equilibrium with these garnet and orthopyroxene rims are plotted in figure 8.6, along with 
melts calculated from garnet and orthopyroxene in the fine-grained matrix area. There is an 
excellent comparison between the garnet overgrowth and the garnet melt in the fine-grained 
matrix area (identical values for the MREE and FIREE), except for Sr-Ba-La-Ce. The two 
orthopyroxene rim melt compositions are close to the average orthopyroxene melt for the 
fine-grained matrix area, but again show dispersion for Sr-Ba-La. Generally speaking, the 
convergence of melt compositions calculated to be in equilibrium with both rims of large 
grains and phases in the fine-grained matrix area is supportive of crystallisation from a 
common source, but the LILE (as well as La and to some extent, Ce) can be rather diverse. 
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Fig 8.5a Compositions of melts in equilibrium with phiogopite and garnet rims in 
polymict peridotites, in comparison to the melts in equilibrium with phlogopites 
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Fig 8.5b Trace element compositions of phlogopite and garnet rims in 
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Fig 8.6 Comparison of melts in equilibrium with orthopyroxenc and garnet rims in BD 2394 and the 
orthopyroxefleS, phiogopites and garnets in the fine-grained matrix area (BD 2394 grt, BD 2394 opx 
and BD 2394 phlog) of the same xenolith. 
The composition of these melts calculated from this polymict are considered in conjunction 
with the modelling of melt evolution in section 8.4. 
8.3.3 Comparisons with other melts 
Figure 8.7a shows the average composition of melts in equilibrium with garnets, phiogopites 
and orthopyroxene from polymict peridotites. These melts are described individually in the 
previous sections. The melt compositions are compared to melts in equilibrium with garnets, 
phlogopites and orthopyroxenes from the modally metasomatised Matsoku peridotites, 
described in Chapter 7, in figure 8.7b. The melts in equilibrium with these phases in the 
Matsoku xenoliths have been calculated from the trace element analyses of these rocks, 
collected during this study (Chapter 7), using the mineral/melt partition coefficients 
calculated in Chapter 7. The melts in equilibrium with the phases in the Matsoku peridotites 
are very similar to those calculated to be in equilibrium with phases in the fine-grained 
matrix area of BD 2394, particularly with respect to the REE concentrations. The largest 
difference in melt compositions between the Matsoku pendotites and the polyrnict 
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Fig 6.7a) Composition of melts in equilibrium with garnets, orthopyroxenes and phiogopites in 
polymict pendotites compared to b) melts in equilibrium with Matsoku garnets, orthopyroxenes 
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Fig 8.8 Melts in equilibrium with garnets from Jagersfontein peridotites, megacrysts and the 
0.4% melt of MORB source(from Burgess and Harte, submitted). Fig 8.7a shows polymict 
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all the melts plotted in figure 8.7. This is not unexpected given the already noted similarities 
between the polymict peridotite and Matsoku IRPS metasomatic assemblages. 
Burgess (1997) has extensively studied the xenoliths recovered from the Jagersfontein pipe 
in perhaps one of the most comprehensive studies of xenoliths recovered from a single 
kimberlite pipe. Figure 8.8 shows the melts in equilibrium with garnets from a Jagersfontein 
medium-temperature peridotite (J 1728); a high-temperature deformed peridotite (JJH 19) and 
a megacryst (J75). These melt compositions have been calculated from Burgess (1997) trace 
element data using partition coefficients appropriate to the pressure and temperature of the 
particular xenoliths as quoted by Burgess (1997). A 0.4% melt of the MORB source (as 
calculated by Tainton and McKenzie, 1994) is also plotted in figure 8.8, since this is a 
proposed source melt of megacrystic melts (Burgess and Harte, submitted). 
It can be seen that the melts in equilibrium with the phases in the polymicts (figure 8.7a) 
show much higher LREE concentrations than the melt in equilibrium with the Jagersfontein 
garnet megacryst (J75), 0.4% melt of MORB source and high-temperature peridotite garnet 
(JJHI9) (figure 8.8). The melt in equilibrium with the Jagersfontein medium-temperature 
peridotite garnet (J1728) (figure 8.8) shows exceptionally high LREE concentrations 
matched only by the melt in equilibrium with one of the garnets in XM2 (figure 8.7a). The 
melts in equilibrium with the other polymict phases show much lower LILE concentrations 
than this. In addition, the La/Lu ratio of the melt in equilibrium with the Jagersfontein 
medium-temperature peridotite garnet is much higher than the melts in equilibrium with the 
phases in the polymict peridotites. The .LaILu ratios of the melts in equilibrium with 
polymict phases are in turn higher than those of the megacrysts and high-temperature 
deformed Jagersfontein peridotite garnets. However, whereas in the medium-temperature 
peridotite garnet the melt composition has a very low Lu concentration, the melts in 
equilibrium with the polymict phases have a Lu value which is usually higher than that in the 
megacryst melts. 
Burgess (1997) and Burgess and Harte (submitted) extensively discuss the effects of 
fractionating garnet from a melt which was initially of megacrystic composition and 
conclude that the greater the degree of fractionation of garnet, the higher the LREE/FIREE 
ratio of the melt becomes. In contrast to garnet, the fractionation of pyroxenes and olivine 
merely tends to increase the concentrations of all REE in the melt, without substantially 
changing the LREE/HREE ratio. Burgess and Flarte (submitted) also suggest that 
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fractionation of phlogopites and amphiboles will be similar to that of pyroxenes. With 
respect to the polymict melts, I propose that the increased LREE proportions of the melts are 
a reflection of the substantially high level of evolution of the melts. I suggest that the lower 
LREE/HREE ratios shown by melts in equilibrium with Matsoku and polymiet phases is a 
function of other phases fractionating in much higher proportions than the garnets. This is in 
keeping with the petrography and chemistry of the polymicts, as garnet is only seen to 
crystallise out of the melt in BD 2394, and garnet rarely shows evidence of metasomatism in 
the other samples. Models of polymiet peridotite melt evolution are determined in the 
following section. 
8.4 MODELLING MELT EVOLUTION 
8.4.1 The origin of megacryst and kimberlite magmas 
The origins of both metasomatic and kimberlitic melts are the subject of much debate. Many 
authors have proposed that kimberlitic magmas are involved with metasomatic processes 
(e.g. Boyd and Nixon, 1973; Nixon and Boyd, 1973b, 1977; Pasteris et al., 1979). Gurney et 
al. (1979) performed an extensive study on megacrysts from the Monastery kimberlite pipe, 
South Africa. They conclude that the megacryst suite crystallised during a single igneous 
differentiation process of limited extent under essentially isobaric conditions. Inclusions of 
Quarry type kimberlite (Monastery kimberlite) in an olivine megacryst led Gurney et at 
(1979) to suggest that this kimberlite is the final evolved liquid from a magmatic 
differentiation event in the mantle during which the megacrysts formed as phenocrysts. 
Menzies et at (1987), Erlank et at (1987) and Waters (1987) show overlaps between the 
trace element composition of kimberlites, lamproites and various metasomatic and MARID 
rocks. Following his study of the Bultfontein Mine xenoliths, Lawless (1978) concluded that 
the relation of metasomatic processes in the upper mantle to the formation of kimberlites is 
enigmatic. In contrast, Erlank and Rickard (1977) proposed that upper mantle metasomatism 
is essentially the reaction between lherzolite or harzburgite and a fluid. In the first instance 
this produces garnet, followed by phiogopite and then phlogopite and K-richterite. Erlank 
and Rickard (1977) document this process as being completely unrelated to the kimberlite 
envelope. 
Harte et at (1993) described the process of percolative fractional crystallisation. This refers 
to the differentiation of melts by fractional crystallisation whilst maintaining local 
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equilibrium with the peridotitic matrix through which they are percolating. Following the 
calculation of melts coexisting with clinopyroxene in dykes, veins and metasomatised rocks 
collected from kimberlite sources, Harte et al. (1993) document progressively increasing 
LREE-MREE concentrations away from the melt composition coexisting with a megacryst 
from the same source. This inegacryst melt composition is shown to be consistent with that 
expected for a primitive asthenospheric OIB-like melt (Harte, 1983; Jones, 1987) or very low 
volume .MORB source melt (Tainton and McKenzie, 1994). Harte et al. (1993) conclude, 
therefore, that the progressive enrichment in LREB and MREE in the melts calculated to be 
coexisting with the metasomatised rocks may be generated by progressive extraction of 
metasomatic phases (clinopyroxene, garnet and amphibole) from a primitive asthenospheric 
melt. The melt compositions were found to show similarities with those calculated to be 
coexisting with clinopyroxene from alkali basalt sources. The same features are reported for 
the melt compositions calculated from amphiboles in the various dykes, veins, metasomites 
and megacrysts. This led to the conclusion that all the melt compositions investigated by 
Harte i al. (1993) may have arisen by differentiation processes, e.g. percolative fractional 
crystallisation, under varying pressure-temperature conditions, from similar megacrystic 
source liquids. These source liquids appear to be closely comparable with those formed by 
ca. 0.4% melting of the MORE source (Tainton and McKenzie, 1994; Burgess and Harte, 
submitted). 
Harte ci al. (1993) also showed that kimberlite/lamproite compositions fall within the 
compositional spectrum of melts calculated to be in equilibrium with various 
dyke/veins/metasomatites. This observation suggests that kimberlites and lamproites may 
also be the products of differentiation by percolative fractional crystallisation of small 
volume MORB source melts. Moreover, this hypothesis concurs with the suggestion that 
kimberlites are a differentiation product of the same magmas which crystallise typical Cr-
poor megacrysts (Harte etal., 1993). The effectiveness of the percolative fractional 
crystallisation process in producing a wide range of potential evolved liquid compositions is 
also demonstrated very effectively by Burgess (1997) and Burgess and Harte (submitted). 
The generation of kimberlites and lamproites was specifically studied by Tainton (1992) and 
Tainton and McKenzie (1994). They stated that the composition of all melts produced from 
the asthenosphere can be modelled using either a primitive mantle source or a MORE source 
composition. This last source is referred to as Mid Ocean Ridge Basalt (MORB) source 
because it is equated with that giving rise to MORB and has been depleted by the removal of 
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a melt fraction by comparison with the primitive mantle composition. Using the modelling 
approach of McKenzie and O'Nions (1991) and White et al. (1992), and only allowing the 
composition of the MORB source to be changed by the addition or removal of melt, Tainton 
and McKenzie (1994) concluded that neither primitive mantle nor the MORB source can 
generate melts with the composition of kimberlites and lamproites, even after enrichment. 
However, they did show that kimberlite and lamproite melts could be produced from a 
source which has first been extensively melted and depleted before being later enriched by a 
small Melt fraction. The proposed model for the generation of kimberlites and lamproites 
(based on REE concentrations of magmas) is thus a three-stage process: firstly a primitive 
source is depleted by komatiite generation in the Archaean, involving the extraction of 
approximately 20% melt in the garnet stability field and producing a residue which is similar 
to a common depleted coarse peridotite. This is then enriched by the addition of 5-10% 
metasomatic melt formed by melting 0.3-0.5% of the MORB source to effectively produce a 
metasomatised peridotite xenolith. Finally, melting a small fraction (0.3-0.4%) of this 
metasomatised peridotite gives rise to the kimberlite or lamproite magma. 
More recently, the origin of kimberlites has been discussed in terms of evidence provided by 
isotopic and seismic data. Nowell and Pearson (1998) calculated melts in equilibrium with 
an ilmenite megacryst from Frank Smith Mine, South Africa and found that they were 
consistent with those in equilibrium with clinopyroxene and garnet megacrysts. It is 
suggested that the parental magma was an 0113-like melt which is in keeping with the 
findings of Harte etal. (1993). However, Nowell and Pearson (1998) find the Hf isotope 
signatures of ilmenite megacrysts and 0113-like melts to be quite different. The ilmenite 
megacrysts suggest that there must be a negative acflf reservoir in the deep mantle. Nowell 
and Pearson (1998) conclude that the most plausible candidate for this reservoir is ancient 
subducted oceanic crust originally generated in the presence of residual garnet, which means 
that the megacrysts support models where kimberlite parental magmas are derived from very 
deep sources. Nowell etal. (1 998a) propose a similar origin for lamproites which also show 
a negative AEHf value. 
McCandless (1998) proposed a tectonic-thermal model to explain the spatial-temporal 
patterns of kimberlitic magmatism from 200 Ma to the present, which supports the idea that 
kimberlites are generated as the product of deep subduetion magmatism. Hatton (1998) 
considered the major isotopic components of the mantle in an attempt to explain the genesis 
of the Monastery megacrysts which he concluded have crystallised from a rising plume. The 
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first melt extract from this plume provided the source magma for the Main Silicate Suite of 
megacrysts. The plume was then stalled by the subcontinental lithosphere where it was 
fluxed by volatiles dominantly provided by phlogopite. This generated a high Mg/(Mg +Fe) 
second-stage melt which was parental to the Phlogopite Suite of niegacrysts. Finally Hatton 
(1998) suggested that a volatile-rich component of the cooling plume ponded to form the 
Monastery kimberlite, which transported the crystallised products of the two earlier melts to 
the surface. 
8.4.2 Fractionation of polymict melts 
Trace element evolution of a melt can be investigated mathematically using partition 
coefficients and theoretical models. In this way it is possible to investigate whether the melt 
in equilibrium with polymict peridotites is related by trace element evolution to the 0.4% 
melt of the MORB source. Modelling of melt evolution in this way is based on the 
assumktion that a source has evolved by fractionally crystallising new minerals during 
upward movement through the sub-cratonic mantle. The trace element compositions 
modelled are controlled only by the fractional crystallisation process, and the exchange 
processes which form part of a percolation and local equilibration model (e.g. Navon and 
Stopler, 1987) are ignored. However, the greatest effect of the exchange processes is 
believed to be on major element compositions such as Mg/(Mg+Fe) ratios (Harte et al., 
1993; Burgess and Harte, submitted). 
Figure 8.8 shows melts in equilibrium with the phases in polymict peridotites compared to a 
0.4% melt of the MORE source and the Jagersfontein megacryst, J75. The 0.4% MORB 
source melt is suggested to be the source of megacryst melts (Tainton and McKenzie, 1994; 
Burgess and Harte, submitted) and involved in the origin of kimberlite melts (Tainton and 
McKenzie, 1994). However, this link of megacrysts to the .MORB source is disputed by 
Nowell and Pearson (1998). Since the 0.4% MORE source and J75 megacryst melts are 
very similar, it is most convenient (i.e. less contentious) to choose the J75 megacryst as an 
initial composition for modelling. This also has the advantage that LILE and HFSE, as well 
as REE compositions, may be modelled since these are known for J75 (Burgess, 1997) but 
not for the calculated MORB source melt. 
A Rayleigh fractional crystallisation model is consistent with the evidence for new growth of 
silicate phases identified in some samples (e.g. growth of a garnet rim around a 
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petrographically different garnet core and the crystallisation of a fine-grained matrix in BD 
2394, crystallisation of phlogopite in the .IRPS metasomatic suite. See also Chapter 4, 
section, for the results of the line traverse analysis). 
The equation used to model Rayleigh fractional crystallisation is: 
C,/C o = 
Co  is the composition of the original liquid, in this case taken as the composition of melt in 
equilibrium with the garnet megacryst J75. D is the bulk mineral-melt partition coefficient, 
calculated as a sum of the mineral-melt partition coefficients for the phases crystallising. 
Therefore, if y% of mineral Y is crystallising with z% of mineral Z, then 
D= (y/100)Dy+(z/100)Dz. CL is the composition of the fractionating melt when a fraction F 
of the melt is remaining. 
In this section, the melt composition in equilibrium with the phases in polymict peridotites to 
which the modelled melts are compared, is an average of the melts in equilibrium with the 
phases in BD 2394. The convergence of BD 2394 melts shown in figure 8.6 is used as the 
basis for this average metasomatic melt composition. Thus the melt compositions for the 
garnet, orthopyroxene and phlogopite in the fine-grained matrix area and the rims of larger 
crystals have all been averaged to provide a composition for the polymict melt. 
8.4.2.1 Fractionation of a single phase 
Figure 8.9 models the result of fractional crystallisation of the J75 megaciystic melt, where 
the sole phase to crystallise is: a) garnet, b) orthopyroxene and c) phlogopite. This is in 
accordance with the observed silicate phases crystallising from the polymict metasomatising 
melt (see Chapters 3 and 4). In each case the composition of the melt after successive steps 
of 10% crystallisation is shown. The mineral-melt partition coefficients used are based on 
the mineral-mineral partition coefficients derived in Chapter 7. For this specific purpose, 
mineral-melt partition coefficients have been calculated using the original cpx-melt partition 
coefficients from the compilation of Grutzeck ci at (1974) and Hart and Dunn (1993). The 
experimental cpx-melt partition coefficients are used directly since the experimental 
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The results of solely crystallising garnet (figure 8.9a) from the original megacryst melt 
composition show that with increasing fractionation, there is a progressive increase in the 
LREE in the melt and a decrease in 1-IREE in the melt. Garnet—melt partition coefficients 
from Rb to Gd and for Zr and Nb are less than I and therefore these elements are 
concentrated in the melt. Garnet-melt partition coefficients from Dy to Y are greater than I 
and therefore these elements are concentrated in garnet and the melt is depleted in these 
components with increased fractionation. Thus for the elements .Rb to Ba and Zr and Nb, the 
effect of fractionation of the melt is merely to increase the concentration of these elements in 
the melt. Generally they increase by a factor of 10 x chondrite. In terms of the REE, the 
effect of garnet fractionation is to markedly increase the La/Lu ratio and consequently the 
slope of the REE pattern. Y decreases in concentration in the melt with increased 
fractionation but not to the extent that Lu decreases. Burgess (1997) produced similar results 
for the REE during the modelling of this same megacryst melt (J75) although a slightly 
different set of partition coefficients were used. 
The results of solely crystallising orthopyroxene or phlogopite (figure 8.9b and 8.9c) also 
follow patterns similar to predictions by Burgess (1997). The orthopyroxene-melt and 
phlogopite-melt partition coefficients for all the elements are less than I and consequently 
the melt becomes enriched in all of them with increasing fractionation. There is no change 
in the slope of the REE pattern as all the REE are becoming concentrated in the melt and so 
the melt composition simply shifts to higher concentrations relative to chondrite. The graphs 
for orthopyroxene and phlogopite are almost identical with respect to the changes in 
compdsition of the melt since the differences between the orthopyroxene-melt partition 
coefficients and the phlogopite-melt partition coefficients are very small for most elements. 
The calculated average polymict melt composition has been plotted on each of these 
diagrams. The melt in equilibrium with the phases in BD 2394 coincides reasonably well 
with the melt produced by crystallising between 60 and 70% (F=4, F=3) of either pure 
phlogopite or pure orthopyroxene composition melt from the original megacryst melt 
composition. The main difference from the phlogopite and orthopyroxene modelled melts is 
that the BD 2394 melt has higher La/Lu. 
Limited correlation is seen when garnet is the only phase to crystallise. In this situation, 
crystallising between 60 and 70% of pure garnet composition melt from the megacryst melt 
produces a melt composition that is similar in concentration of Rb, Sr, Ce, Nd, Sm, Eu and 
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Gd to the BD 2394 polymict melt. However, the HREE concentrated in the polymict melt 
are in higher concentrations than in the starting megacryst melt and consequently 
fractionation of garnet cannot possibly create a melt with these 1-IREE concentrations from 
an initial megacryst melt. Ba shows a consistently different pattern in the BD 2394 melt 
from that modelled with any silicate phase. The reason for this is unclear, but is perhaps 
related to wide variations in Ba mobility as a function of fluid/melt composition and 
temperature. 
8.4.2.2 Fractionation of multiple phases 
A process involving the sole crystallisation of one phase is unrealistic, given that major 
element data from the cores and rims of polymict minerals strongly suggests that there has 
been crystallisation of phlogopites, orthopyroxene and garnets from the melt which is 
interacting with the fragmented peridotites. Fractionation of the three phases can occur in 
one of two ways. A proportion of each phase can always be crystallising such that one phase 
is never eliminated, although the relative proportions of the three phases might change with 
time. Alternatively, the phases could crystallise one at a time with the net effect being that 
all three phases have crystallised although never simultaneously. It is also important to 
consider the number of stages involved in the fractionation of the melt. The Rayleigh 
fractional crystallisation model allows for the constant crystallisation of a melt until it is 
99.99% crystallised or successive stages in which the newly fractionated melt becomes the 
new starting composition for the next stage of fractionation. In the latter situation, the 
proportions of both the phases crystallising and the amount of melt remaining (F) can be 
modified. All these factors have been taken into consideration whilst modelling the 
evolution of megacryst melt J75. The most realistic fractionation sequences in terms of 
producing a melt composition similar to that of the polymict melt from a megacryst melt are 
shown in figures 8.10 a and b and described below. The results of solely crystallising 
orthopyroxene or phlogopite have shown little variation in the concentration of trace 
elements in the melt. This is on account of the very low concentrations of trace elements 
whichpartition into the two phases. In light of this, it is in fact impossible to separate the 
effects of fractionating more orthopyroxene than phlogopite and vice versa. Consequently 
the two phases have been considered together rather than independently in the following 
models. 
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Figure 8.9a shows that the crystallisation of garnet considerably decreases the HREE 
concentration of the evolving melt. Comparison of the polymict melt with this evolutionary 
trend shows that the polymict melt has quite a high concentration of FIREE and therefore 
cannot be crystallising a high proportion of garnet. It has been noted that the polymict melt 
shows many similar trace element concentrations to a melt which has evolved by the 
fractional crystallisation of orthopyroxene or phlogopite alone. The LREE concentrations in 
the polymict melt coincide with the concentrations in a melt which has 60-70% fractionally 
crystallised pure orthopyroxene or phlogopite. However, the HREE coincide with a melt 
which has only 50% crystallised pure orthopyroxene or phlogopite. Initial fractionation of 
garnet could account for this small change in La/Lu slope shown by the polymict melt. 
Figure 8.10a shows the evolution of a megacryst melt (J75) if garnet and 
orthopyroxene/phlogopite crystallise in a 10%:90% ratio. The effect of crystallising 10% 
garnet is to reduce the 1-IREE in the remaining melt by a small proportion and thereby 
produce a melt with a La/Lu ratio similar to that seen in the polymict melt. The closest 
comparison between this evolution and the polymict melt is seen when the remaining melt 
fraction, F, is between 0.4 and 0.3. If any more crystallisation of garnet occurs the melt 
becomes richer than the polymict melt in the REE. Figure 8.1Ob shows the comparison 
between the polymict melt and the melt produced by fractionating 10% garnet and 90% 
orthopyroxene/phlogopite until between 40 and 30% of the original melt volume is 
remaining. The resultant fractionated melt matches extremely well (within 10  chondrite) 
with the polymict melt except for the aberrant Ba. It is possible to further fractionate the 
remaining 40% by crystallising orthopyroxene and phlogopite in any ratio. This is shown in 
figure 8.11. The melt can fractionate orthopyroxene and phlogopite until 30% (F= 0.7) of 
the remaining 40% of its volume has fractionated and maintain a composition which is very 
close to that of the polymict melt. Once it fractionates more than 30% (F = 0.7) of the 
remaining 40% volume, the melt becomes more enriched in the REE than the polymict melt. 
8.4.4.3 Comparison with kimberlite melts 
One of the aims of this study was to investigate a possible link between megacryst and 
kimberlite melts. The modelling of a megacryst melt in the previous section has shown that 
the melts in equilibrium with garnet, orthopyroxene and phlogopite in polymict peridotites 
can be evolved from a melt of megacrystic composition by the fractionation of a small 
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Fig 8.1 Oa Fractionation of a megacryst (J75) melt by the crystallisation of 10% 
garnet and 90% orthopyroxene/phlogopite at successive stages stages of 
crystallisation, as indicated by F (F = 1 means original megacryst composition, 
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Fig 8.1Ob Comparison between the average BD 2394 polymict melt and a melt 
produced by fractionating 60% and 70% of a megacryst melt as 10% garnet and 
90% orthopyroxene/phlogopite. 
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Fig 8.11 Fractionation of 100% orthopyroxene/phiogopite from the melt produced by 60% 
crystallisation of 10% garnet and 90% orthopyroxene/phlogopite from a megacryst (J75) melt (see fig 
I Li 7.10). 
megacryst melt can only fractionate 60% of its volume as garnet and 
orthopyroxene/phiogopite in the ratio 10%:90% before it starts to become enriched in REE 
relative to the polymict melt. Likewise, if further orthopyroxene and phiogopite are 
crystallised once garnet fractionation has stopped, only 30% of this new melt can fractionate 
before the REE become more enriched than a polymict melt. Clearly the average melt seen 
in the polymict peridotites is not the ultimate end product of the evolutionary trend 
identified. 
This section aims to model the evolution of a melt with a starting composition of that in 
equilibrium with polymict pendotite BD 2394 in an attempt to assess links with melt of 
kimberlitic composition. Although the mathematical modelling process is identical to that 
used in the previous sections, the mineral-melt partition coefficients inserted into the 
equation are now changed from those appropriate to an initial megacryst melt, to the re-
calculated Matsoku partition coefficients which are applicable to lower temperatures (see 
Chapter 7). The polymicts have been assumed to have pressure and temperature values 
similar to Matsoku xenoliths on account of their similar metasomatic assemblages. It is 
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appropriate therefore to apply partition coefficients more suited to this lower temperature 
range when using the polymict melt as a starting composition. However it is worth 
appreciating that the modelling carried out simplifies the real situation where a range of 
temperatures would apply. 
Figure 8.12 shows a range of kimberlite melt compositions. The trace element data from 
these kimberlites has been taken from Fesq et al. (1975), Tainton (1992), and Dawson (pers 
comm). The Fesq et al. (1975) data is from the Bellsbank Kimberlite (Group 11) and Tainton 
(1992) provides data from the Belisbank, Newlands and Sover-.Doornkloofkimberlites (all 
Group II). The data from Dawson (2000, pers comm) is a selection of Group I and 11 
kimberlite data from South African hypabyssal kimberlites. These kimberlites are less 
altered and contaminated than the diatreme facies kimberlites and this data is used as a test 
of the applicability of the other data. It is not used as an end member in the modelling 
process as there are no REE data. 
Also plotted on figure 8.12 is the average polymict peridotite melt (BD 2394). The polymict 
melt is very similar to the kimberlite melt compositions (within 10 to 20 x chondrite of the 
Belisbank and Solver-Doornkloofkimberlite compositions) and one might argue that it is in 
fact of kimberlitic composition. Two melt profiles from Tainton's (1992) data show lower 
REE concentrations than the polymict melt. The kimberlite melt compositions do in fact 
show quite a range of concentrations particularly with respect to the HREE. It has already 
been shown that fractionation of garnet from a melt reduces the HREE concentration of the 
melt, but that fractionation of orthopyroxene and phlogopite can only increase the REE 
proportion in the remaining melt. It has also been suggested that in the later stages of 
evolution of a polymict melt composition from a megacrystic melt, garnet has often ceased 
to fractionate/crystallise. 
Figure 8.13 shows the fractionation of pure orthopyroxene and phiogopite from a polymict 
melt. The figure examines whether such a pattern of fractionation might increase the relative 
proportions of REE slightly differently to match some of the kimberlite melts which have 
slightly higher concentrations of FIREE than the polymict melt. This is not so. The LREE of 
the kimberlite melts are very similar to those of the polymict melt and it is not possible to 
affect the FIREE concentration of the melt differently from the LREE concentration by 
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Fig 812 Kimberlite melt trace element compositions from Belisbank (Fesq etal., 
1975), Sover-Doornkloof, Belisbank and Newlands (Tainton, 1992) and Gp 1 and 
Gp 2 hypabyssal facies kimbe1ites (Dawson, pers comm.), compared to the 
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Fig 8.13 Fractionation of 100% orthopyroxene/phlogopite from the average BD 
2394 polymict melt (F = 1). Kimberlite data from Fesq etal. (1975) and Tainton 
(1992). 
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8.5 SUMMARY AND CONCLUSIONS 
On the basis of compositional evidence and comparisons with similar studies, it has been 
proposed that the fluid which was interacting with, and metasomatising, the phases within 
polymict peridotites was a silicate melt. It is also shown to have been present in small 
volumes. Taking account of the enigmatic nature of the trace element compositions of the 
metasomatic rims, a melt composition has been calculated only for the one xenolith, SD 
2394, where orthopyroxene, phlogopite, garnet and ilmenite all co-exist. Although there has 
been some debate over the chemical equilibrium which exists between the phases within the 
fine-grained matrix, the convergence of some rim compositions with the compositions of the 
phases in this matrix has provided reasonable evidence that the trace element compositions 
of the rims are representative of the melt composition. 
The melts calculated to be in equilibrium with the fine-grained matrix area in BD 2394 have 
been compared to melts in equilibrium with phases in other xenoliths. The melt 
compdsitions are comparable to melts in equilibrium with phases in the Matsoku xenoliths. 
This concurs with the conclusion that the metasomatic assemblage in polymict peridotites is 
similar to that of the Matsoku xenoliths. The polymict melt is considerably richer in LREE 
than a primitive or initial megacryst melt or the 0.4% melt of the MORB source. 
Modelling of the polymict melt has been undertaken to investigate a possible link between a 
primitive megacryst melt (similar for most purposes to a 0.4% melt of MORB source 
(Tainton and McKenzie, 1994; Burgess and Harte, submitted)) and polymict melts. As a 
result of this modelling, it can be concluded that the melt which has interacted with polymict 
BD 2394 could have originated from a megacryst melt by the fractional crystallisation of 
small amounts of garnet and a large proportion of orthopyroxene and phlogopite. It is also 
true to say that once the garnet has stopped crystallising out of the melt, it is possible for 
further orthopyroxene and phlogopite to fractionate without considerable change in the 
composition of the melt, until that melt has been fractionated by 30% of its original volume. 
This is in keeping with the petrography of polymict peridotites (Chapter 3) and the chemistry 
of the phases (Chapters 4 and 6) in that a large proportion of orthopyroxene and phlogopite 
appears to have been crystallised in all of the polymicts, but only a small proportion of 
garnet is evident. It is also suggested that the polymict xenoliths that show no evidence of 
garnet crystallisation have interacted with melts in the later stage of this evolutionary 
sequence during which only orthopyroxene and phlogopite are crystallising. 
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The polymict melts are compared to kimberlite melts and shown to be very similar, 
particularly in terms of their La/Lu ratios. The kimberlitic melts show some spread of 
compositions, and some have lower La/Lu ratios, but the range of variation can be readily 
related to different proportions of garnet crystallisation. 
It is concluded that the melts inferred to have been interacting with the phases in polymict 
peridotites have a kimberlitic signature, as shown by the similarities in their trace element 
compositions. It has also been shown that the polymict, and therefore kimberlitél, trace 
element compositions can be modelled by the fractionation of a small proportion of garnet 
and larger proportions of orthopyroxene and phlogopite from a melt of initial megacrystic 
composition. As such, a link between megacryst melts and kimberlite melts is advocated. 
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CHAPTER 9: CONCLUSIONS 
The previous chapters have documented the results of petrographic, electron probe and ion 
microprobe analysis of the phases in polymict peridotites. A new set of mineral-melt 
partition coefficients have been determined using equilibrated mineral assemblages from the 
Matsoku xenoliths, and the composition of the metasomatic melt which interacted with the 
fragments in the polymicts has been calculated. This melt has been shown to be similar in 
many aspects of trace element composition to kimberlitic melts. Using a Rayleigh 
fractionation model, it has been shown that this trace element melt composition may be 
linked to melts which form the source for common Cr-poor megacrysts. 
Discussion ofpetrogenetic queries raised in Chapter] 
The following numbered conclusions refer directly to the initial eight questions posed in 
chapter 1. 
The fragments within polymict peridotites are mainly of peridotitic and megacrystic 
origin. The peridotite fragments are generally of the cold, coarse, high Mg variety. 
Some of these coarse peridotites are seen to be undergoing deformation with the 
production of porphyroclasts and neoblasts. A garnet xenocryst of eclogitic paragenesis 
has only been found in one polymict. The original mineral compositions of the 
peridotite fragments are partly preserved and the different fragments have not been 
equilibrated with one another. There is no unequivocal evidence to suggest that the 
original phases in any of the xenoliths are in equilibrium, and there is a widespread lack 
of clinopyroxene and garnet in the rocks that would make estimation of the original P-T 
conditions of clasts possible. 
Major, minor and trace element compositional zoning is common in many of the mineral 
fragments in polymict peridotites although both heterogeneous and homogenous grains 
are seen within most polymicts. The major element zonations show a convergence of 
rim compositions with respect to Fe and Ti. This is consistent for orthopyroxenes and 
phlogopites both within and between xenoliths. The clasts which are zoned with respect 
to these elements usually also show zoning in Al, Cr and occasionally Mn, Ni and Ca. 
However, the zonations for Al, Cr, Ni, Mn and Ca are more variable and the rim 
compositions within one xenolith often do not converge. X-ray maps and automated line 
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traverses show that the metasomatism implied by the formation of the rims has occurred 
by overgrowth. There is limited evidence of diffusion between the new rim and the 
preserved core of the grains. 
Trace elements also show compositional zoning. This zoning does not show the 
compositional consistency of Fe-Ti zoning and although some convergence of rim 
compositions towards a single composition is seen, it is limited. Orthopyroxene rim 
compositions are particularly variable both within and between xenoliths. Possible 
causes for the variability and even oscillation of minor and trace element compositions 
are discussed in Chapter 6 and include: variability of localised, small volume melts; 
sector growth type of effects and oscillatory patterns associated with fluid/melt influx. 
The only occurrence of clinopyroxene within the polymict peridotites is in 
clinopyroxene-orthopyroxene intergrowths. The clinopyroxene occurs as relic grain 
fragments in optical continuity and with homogeneous major, minor and trace elements. 
The orthopyroxene intergrown with the clinopyroxene has similar crystallographic 
orientations to the clinopyroxene and appears to have replaced the clinopyroxene. The 
orthopyroxene shows some evidence of metasomatism, particularly in terms of trace 
elements. In terms of major elements, the orthopyroxene cores and rims have 
compositions similar to the orthopyroxene inferred to have crystallised out of the 
metasomatising melt. There is a slight convergence of rim compositions seen in the 
orthopyroxenes but this is on a much smaller scale than is seen in the larger, individual 
orthopyroxene grains. It is possible that the clinopyroxenes have been partially replaced 
by orthopyroxene, with minor phlogopite and ilmenite, as suggested by Dawson (1987). 
The similarity of intergrowth orthopyroxene with that of rim orthopyroxene makes it 
likely that part of the alteration of the clinopyroxene occurred during the formation of 
the consolidated polymict. 
The widespread similarity of the rim and matrix compositions for major elements and Ti, 
and the similarities of trace element matrix composition and rims support the suggestion 
that the rims of the clasts and the minerals in the matrix have been formed by 
crystallisation from very similar metasomatic fluids. One polymict, BD 2394, contains 
an area of fine-grained matrix that consists of intergrown gamets, phlogopites, 
orthopyroxenes and ilmenitcs. The phases within this area are homogeneous in major 
elements and have similar compositions to the rims of zoned grains of the same phases 
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both within the same polymict and in other polymicts. The trace elements in both matrix 
and rims of orthopyroxenes and garnets in BD 2394 also show similarities in 
composition. 
Large (megacrystic) mineral grains within the polymict peridotites often show 
overgrowth rims similar to those on grains in peridotite fragments or clasts. Thus the 
metasomatic melt of the polymicts is distinct in composition to that forming the original 
megacryst mineral grains. However, the trace element modelling (see 8) shows that a 
melt crystallising typical Cr-poor megacrysts may evolve by fractional crystallisation 
into a melt capable of crystallising silicates with the polymict mineral rim compositions. 
Thus while relatively early or primitive megacryst compositions have been transported 
and metasomatised in the polymict formation process, it appears that the melt 
responsible for transportation and metasomatism may itself have been derived from the 
melt which had crystallised the primitive megacrysts. 
The mineral composition of both the rims of grains and the matrix area in BD 2394 are 
consistent with the crystallisation of these phases from a silicate melt. This melt is 
clearly hydrous (to give extensive phlogopite) and is also capable of crystallising 
extensive ilmenite and some rutile and sulphides. It is closely related to the IRPS 
metasomatic melt documented for the Matsoku xenoliths. No evidence of olivine 
precipitation has been seen in the matrix areas. 
The widespread similarities in rim and matrix compositions suggest that predominantly 
one type of melt has been involved in the generation of polymict peridotites. Similarly, 
the x-ray maps and automated line profiles of selected grains show one major distinction 
between fragment cores and overgrown rims. At the same time, rim compositions show 
some variability and it appears likely that the melt entrained with the polymict fragments 
underwent some evolution during consolidation of the polymicts. It is quite conceivable 
that part of this process is specific to the individual polymict agglomeration, since 
metasomatism of only some of the grains and a distinct lack of extensive matrix material 
has led to the conclusion that there are only small melt volumes involved. 
The trace element compositions of orthopyroxene and garnet rims and the phases in the 
matrix area of BD 2394 have been used to calculate a melt composition using partition 
coefficients derived from analysis of Matsoku xenoliths. The composition of the melt 
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inferred to have interacted with the polymict xenoliths is very similar to a Group II 
kimberlitic melt composition. Melt modelling using the Rayleigh fractional 
crystallisation model has shown that fractional crystallisation of small proportions of 
garnet and larger proportions of orthopyroxene and phlogopite, from an original melt of 
Cr-poor megacrystic composition, can produce a trace element melt composition very 
similar to that of the polymict peridotite melts and therefore Group II kimberlite melts. 
These results support the suggestion of Harte etal. (1993) that a link between common 
Cr-poor megacryst melts and kimberlite magmas may be provided by a percolative 
fractional crystallisation process. Effectively, in such a process, the fractional 
crystallisation controls the evolution of incompatible trace elements, whilst the evolution 
of major elements will be restricted by the degree of exchange which occurs with 
crystalline matrix phases. 
Whilst the polymict peridotites provide specific evidence favouring a fractional 
crystallisation link between megacryst melts and kimberlitic (Group II) magmas, they do 
not provide direct evidence relating to other hypotheses of kimberlite petrogenesis. Thus 
the Tainton and McKenzie (1994) mechanism of kimberlite formation by low-volume 
melting of a peridotite depleted in major elements but secondarily enriched in trace 
elements is not addressed by the study of the polyrnict peridotites. It is interesting to 
note that Tainton and McKenzie (1994) use a small volume MORB source melt as the 
cause of secondary enrichment of their source peridotites, whilst Burgess and Harte 
(submitted) suggest that a melt of closely similar composition represents the initial 
megacryst melt which undergoes fractionation. Thus the normal Cr-poor megacryst melt 
has a prominent place in both the kimberlite petrogenesis hypotheses as well as the 
generation of polymict peridotites. However, other authors (Nowell and Pearson, 1998), 
whilst accepting the importance of megacryst magmas, suggest that Hf isotope evidence 
precludes a direct link between megacryst magma and the MORB source. 
The Petrogenesis of Polymict Peridot i/es 
Previously, a two-stage petrogenesis for polymict peridotites has been suggested in which 
the polymict aggregates were first assembled and consolidated and then subsequently 
erupted by kimberlite (Lawless, 1978; Lawless etal., 1979). In light of this study, it is 
difficult to constrain events prior to eruption in a younger kimberlite to a single, 
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uninterrupted process, and it is also possible that the final kimberlite eruption was linked to 
these earlier events. Clearly a diverse range of mantle lithologies has been sampled during 
the formation of the polymict breccias. A melt has also obviously been involved in the 
transport and metasomatism of the mantle rock and mineral fragments. The fracturing of the 
mantle rocks, at the high temperatures involved, was probably directly linked to the melt 
presence, which caused hydraulic fracturing by high fluid/melt pressure (Hubbert and Rubey, 
1959; Matthews ci' al., 1992). It is possible that a process of melt pooling, hydraulic fracture, 
melt injection and entrainment of rock and mineral fragments occurred repeatedly as the melt 
travelled upward through the mantle, and consequently different depths of the mantle were 
sampled. The driving force behind the melt upward movement is its own buoyancy. 
The polymict peridotites do provide definite evidence that the melts involved in 
metasOmatism and matrix crystallisation were reasonably similar in composition and had 
close similarities to the IRPS metasomatic melts of Matsoku (Harte etal., 1987; 1993). Thus 
this dominant phase of genesis of the polymict peridotites corresponds well to the first phase 
of petrogenesis of Lawless (1978) and Lawless etal. (1979). We have seen that the 
metasomatic melt also shows trace element characteristics which suggest its evolution by 
fractional crystallisation from another widespread melt composition - that associated with 
Cr-poor megacrysts from kimberlites. Thus the initial melt responsible for hydraulic 
fracturing and the initiation of the polymict petrogenesis might well have been such a 
megacryst melt, which itself evolved by fractional crystallisation to the polymict 
metasomatic melt. 
The continuous, though possibly episodic, nature of events leading from hydraulic fracturing 
to metasomatism of the polymict fragments may also be extended to that of the final 
kimberlite eruption (Lawless' second phase of formation). The close trace element 
geochemical similarities of polymict metasomatic melts and Group II kimberlitic melts 
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APPENDIX A: ELECTRON MICROPROBE ANALYSIS 
Major-minor element concentrations in the polymict peridotite phases were determined using 
the Cameca-Camebax electron microprobe at the Department of Geology and Geophysics, 
University of Edinburgh. Quantitative spot analyses and automated line profiles and 
qualitative x-ray maps were collected by wavelength dispersive spectrometry (W.DS). The 
polished samples were prepared for these analysis techniques by coating the surface with a 
thin layer of carbon. This ensures that surplus electrons flow to earth and an aquadag strip 
painted between the sample edge and the sample holder enhances this effect. 
Quantitative spot analysis and automated line traverses 
During wavelength dispersive spectrometry, electrons emitted from a tungsten filament are 
accelerated across an accelerating voltage of 25 ke V. The X-rays produced on bombardment 
of the sample by electrons are wavelength specific to each element analysed. The elemental 
concentrations are analysed by diffracting crystals in each of four spectrometers. The 
different diffracting crystals analyse different ranges of elements. Table A.l outlines which 
crystal is used to measure which element and also displays count times and the standard used 
to calibrate each of the four spectrometers. The elemental oxide concentrations were 
calculated using the Cameca PAP correction programme. 
Table A. 1 Conditions for electron probe WDS analysis. Diffracting crystals: TAP - thallium acid 








Na TAP 30 15 jadeite 
Si TAP 30 15 wollastonite 
K PET 30 15 orthoclase 
Fe LIF 30 15 Fe metal 
Mg TAP 30 15 periclase 
Al TAP 30 15 corundum 
Ca PET 30 15 wollastonite 
Mn LIF 30 15 Mn metal 
Ti PET , 	 30 15 rutile 
Ni LIF 30 15 Ni metal 
Cr PET 30 15 Crmetal 
The conditions defined above were used for both spot analysis and automated line profiles. 
The same elements were analysed during each technique. A beam current of 25 nA was used 
for quantitative analysis. For spot analysis of cores and rims of specific grains, the beam 
position was controlled manually. During the collection of automated line traverses the start 
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and end point of the traverse were chosen manually and analyses were collected at regular 
intervals (usually every 10 microns for a 300 micron traverse) along the straight line defined 
by these two points. 
Qualitative X-ray mapping 
X-ray mapping allows the imaging of variations of individual chemical elements across 
mineral grains. The electron beam in this technique is used in spot mode, which is in 
contrast to BSE imaging techniques. The stage moves at small intervals over a specified 
square field (256 rows by 256 rows in this case). Maps of four elements are collected during 
one analysis session. X-ray counts are collected on all four spectrometers which are set at 
angles to collect X-rays from these four specified elements. The diffracting crystals used for 
each element are as shown in Table A.]. The image created is a map of changing X-ray 
intensity with distance. 
The elements mapped in this study are a combination of four elements from Fe, Mg, Al, Ca, 
Ti and Cr. 
Accuracy and precision 
At the beginning of each analysis session, a well characterised andradite standard was 
analysed to check on the Si, Fe and Al calibrations. Analysis of the andradite at regular 
intervals throughout the session also served as a check on the stability of the instrument. 
The accuracy of the analysis is difficult to quantify and is dependent upon several factors. A 
best theoretical precision, however, can be calculated from the counting statistics. The 




where. T = the count time on peak 
Rp = the counts per second on the peak 
Rb = the counts per second on the background 
Typical weight percent errors for randomly selected raw electron probe analyses have been 
calculated and are presented in Table A.2. 
The detection limits for each of the elements can be calculated to a 3 a confidence level: 
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detection limit = ± I2F 
in Tb 
where m = cts/secl% element in material 
Rb = the background count rate (cts/sec) 
Tb = count time on the background. 
The factor m is calculated from the count rates obtained from the standard of each element, 
the counts per second being determined from the peak counts minus the background counts. 
This is preferable to using the count rates obtained from the unknown due to poor precision 
resulting from the low count rates. The detection limits for each element are listed in Table 
A.3. 
Electron probe analyses of phases in polymict peridotites are displayed as both weight % and 
cations in Tables A.4a-f. Analyses of phases in Matsoku xenolith LBM 32 are shown in 
Tables A.5a-e. Data from line traverses of selected grains are shown in Tables A.6a-e. 
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Table A.2 Theoretical precision for major-minor element analysis by electron microprobe. Errors are 
absolute values given to the 2c level. 
opx phiog grt 
wt% oxide ± error wt% oxide ± error wt% oxide ± error 
5102 56.7 0.192 41.4 0.168 41.1 0.168 
1901 0.045 0.021 1.41 0.041 0.105 0.023 
A1203 0.603 0.029 11.9 0.094 17.4 0.111 
cr203 0.187 0.023 0.281 0.025 8.84 0.077 
FeO 7.64 0.143 4.20 0.111 5.90 0.130 
MnO 0.152 0.184 0.040 0.035 0.337 0.052 
MgO 33.6 0.001 25.0 0.129 20.7 0.121 
CaO 0.681 0.024 0.004 0.016 5.72 0.065 
NiO 0.117 0.035 0.064 0.037 0.018 0.034 
Na20 0.100 0.022 0.108 0.024 0.032 0.021 
K20 0.005 0.013 10.2 0.338 0.006 0.013 
ol urn cpx 
wt% oxide 	± error wt% oxide ± error wt% oxide 	± error 
Si02 39.9 0,169 0.036 0.021 54.5 0.179 
T102 0.008 0.019 55.3 0.182 0.260 0.029 
A1203 0.045 0.018 0.06 0.021 0.889 0.030 
Cr203 0.032 0.020 3.32 0.053 0.608 0.030 
FeO 12.1 0.176 28.4 0.263 3.41 0.101 
MnO 0.163 0.043 0.276 0.055 0.092 0.041 
MgO 47.5 0.178 13.2 0.118 16.4 0.107 
CaO 0.054 0.016 0.022 0.015 22.2 0.120 
NO 0.263 0.044 0.169 0.044 0.053 0.034 
Na20 0,002 0.017 0.023 0.033 1.20 0.048 
1(20 0.004 0.011 0.015 0.014 0.008 .0.013 
Table A.3 Lower limits of detection for elements analysed by electron microprobe at the 3o 
confidence level. 
opx phiog grt ol urn cpx 
5102 0.009 0.009 0.008 0.008 0.008 0.009 
Tb 2 0.011 0.011 0.012 0.011 0.016 0.012 
A1203 0.006 0.007 0.007 0.005 0.007 0.006 
Cr203 0.011 0.011 0.012 0.012 0.014 0.011 
FeO 0.020 0.020 0.023 0.022 0.029 0.021 
MnO 0.020 0.021 0.023 0.022 0.028 0.023 
MgO 0.008 0.008 0.008 0.009 0.006 0.008 
CaO 0.009 0.010 0.011 0.010 0.012 0.012 
NiO 0.020 0.023 0.022 0.023 0.026 0.022 
Na20 0.011 0.012 0.012 0.012 0.013 0.013 
K20 0.011 0.012 0.010 0.011 0.013 0.011 
Table A.4a Polymict peridotite orthopyroxene wt% and no of ions in formula to 4 cations (all Fe as FeO 
JJG 2115 0P3 JJG 2115 0P31 JJG 2115 OR DB3 OPI DB3 0P3 LM I 0P2 LM I OR LM I 0P5 
core rim core rim core rim core,  rim core rim core rim core rim core rim 
Si02 57.65 55.09 57.25 55.82 57.24 54.30 57.19 55.63 55.83 
55.45 57.12 55.77 56.55 55.70 57.64 56.48 
Ti02 0.10 0.30 0.05 0.30 0.09 0.34 0.01 0.32 0.09 
0.32 0.04 0.27 0.16 0.32 0.11 0.34 
A1203 0.83 2.41 0.79 0.86 0.80 3.06 0.75 1.38 0.65 
0.83 0.48 0.70 0.78 1.49 0.73 1.07 
Cr203 0.37 1.05 0.95 0.54 0.73 1.82 0.55 0.44 
0.33 0.37 0.47 0.37 0.20 0.41 0.37 0.26 
FeO 4.40 6.96 4.26 7.38 4.74 7.35 4.29 7.00 4.29 6.90 4.78 7.06 7.52 7.16 5.17 7.49 
MnO 0.09 0.14 0.11 0.12 0.11 0.13 0.09 0.15 0.13 0.11 0.13 0.15 0.16 0.13 0,12 0.12 
MgO 35.38 32.05 36.00 33.89 35.51 32.60 35.82 33.71 36.00 34.14 35.33 33.64 32.99 33.27 35.07 33.81 
CaO 0.52 0.93 0.45 0.47 0.53 0.70 0.46 0.43 0.57 0.37 0.48 0.60 0.62 0.46 0.58 0.43 
NO 0.06 0.07 0.05 0.03 0.04 0.06 0.06 0.08 0.10 0.06 0.11 0.07 0.10 0.07 0.12 0.04 
Na20 0.20 0.24 0.21 0.05 0.20 0.22 0.16 0.09 0.16 0.07 0.19 0.06 
0.21 0.10 0.17 0.05 
K20 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
0.00 0.01 0.01 0.00 0.00 0.01 0.00 
Total 99.60 99.24 100.11 99.47 99.99 100.58 99.37 99.24 98.16 98.62 99.14 98.71 99.28 99.09 100.09 100.10 
1.975 1.915 1.941 1.936 1.950 1.854 1.958 1.933 1.933 1.936 1.966 1.950 1.973 1.942 1.972 1.951 4+  Si 
0.003 0.008 0.001 0.008 0.002 0.009 0.000 0.008 0.002 0.008 0.001 0.007 0.004 0.008 0.003 0.009 
3+ 
 0.034 0.099 0.031 0.035 0.032 0.123 0.030 0.057 
0.027 0.034 0.019 0.029 0.032 0.061 0.029 0.044 
Al 
0.020 0.059 0.052 0.030 0.040 0.100 0.030 0.025 0.018 0.021 0.026 0.021 0.011 0.023 0.020 0.015 
Fe (total) 0.126 0.202 0.121 0.214 0.135 0.210 0.123 0.204 0.124 0.202 0.136 0.206 0.219 0.209 0.148 0.216 
2- 
 0.003 0.004 0.003 0.004 0.003 0.004 0.002 0.005 0.004 0.003 0.004 0.005 
0.005 0.004 0.003 0.004 
Win 
2+ 
 1.807 1.661 1.820 1.752 1.804 1.660 1.828 1.746 1.858 1.777 
1.813 1.754 1.717 1.729 1.789 1.741 
Mg 
Ca 2+  0.019 0.034 0.016 0.017 0.019 0.026 0.017 0.016 0.021 0.014 0.018 
0.022 0.023 0.017 0.021 0.016 
Ni2 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
0.001 0.002 0.001 
Na" 0.013 0.016 0.014 0.004 0.013 0.014 0.011 0.006 0.011 0.004 0.013 0.004 0.014 0.007 
0.012 0.003 
K" 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
0.000 0.001 0.000 
Total 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Fe/Fe+Mg 	0.065 	0.109 	0.062 	0.109 	0.070 	0.112 	0.063 	0.104 	0.063 	0.102 	0.071 	0.105 	0.113 	0.108 	0.076 	0.111 
Table A.4a continued 
JJG 513 0P2 JJG 513 0P9 JJG 2419 OPI JJG 2419 0P2 BD 2666 ON BD 2666 0P5 XM2 ON XM2 ORG 
core rim core rim core rim core rim core rim cofe rim core rim core rim 
Si02 57.05 56.26 56.99 56.13 56.66 56.14 54.14 56.07 57.60 56.569 56.64 56.96 57.25 57.08 57.21 54.63 
1102 0.19 0.28 0.18 0.35 0.14 0.36 0.35 0.25 0.02 0.385 0.18 0.17 0.21 0.21 0.13 0.30 
A1203 0.85 1.67 0.39 1.11 0.69 1.06 0.83 0.26 0.67 0.857 0.83 0.81 0.88 0.88 0.74 1.64 
Cr203 0.20 0.76 0.18 1.20 0.13 0.28 0.35 0.17 0.29 0.189 0.05 0.04 0.29 0.30 0.24 0.26 
FeO 6.79 6.81 7.68 6.89 6.73 7.14 8.42 7.83 4.52 7.595 9.15 9.06 5.35 5.41 5.03 6.90 
MnO 0.13 0.13 0.18 0.12 0.13 0.15 0.17 0.16 0.13 0.157 0.16 0.12 0.15 0.13 0.13 0.12 
MgO 34.00 33.29 31.46 33.05 34.11 33.86 31.81 32.88 35.88 33.152 32.38 32.18 34.44 34.32 36.11 32.79 
CaO 0.61 0.64 1.02 0.46 0.62 0.42 1.56 1.30 0.59 0.936 0.69 0,66 0.83 0.84 0.74 2.91 
NiO 0.11 0.14 0.03 0.03 0.08 0.05 0.04 0.01 0.10 0.068 0.13 0.11 0.10 0.08 0.07 0.08 
Na20 0.18 0,18 0.11 0.08 0.15 0.07 0.25 0.11 0.09 0.122 0.23 0.26 0.27 
0.27 0.11 0.41 
K20 0.01 0.01 0.01 0.02 0.00 0.01 0.08 0.02 0.01 0.018 0.00 0.00 0.00 0.00 
0.01 0.04 
Total 100.11 100.15 98.23 99.43 99.44 99.53 98.01 99.06 99.90 100.05 100.64 100.36 99.76 99.52 100.51 100.08 
1.966 1.937 2.023 1.945 1.965 1.948 1.919 1.964 1.967 1.9613 1.971 1.981 1.969 1.968 1.943 1.885 
Ti 
41 
 0.005 0.007 0.005 0.009 0.004 0.009 0.009 0.007 0.000 0.01 0.005 0.005 0.005 0.005 0.003 0.008 
Al 3+  0.034 0.068 0.016 0.045 0.028 0.043 0.035 0.011 0.027 0.035 0.034 0.033 0.036 0.036 0.030 0.067 
Cr3 0.011 0.042 0.010 0.067 0.007 0.015 0.020 0.009 0.016 0.0105 0.003 0.002 0.016 0.017 0.013 0.015 
Fe (total) 0.196 0196 0.228 0.200 0.195 0.207 0.250 0.230 0.129 0.2202 0.265 0.264 0.154 0.156 0.143 0.199 
Mn2' 0.004 0.004 0.005 0.004 0.004 0.004 0.005 0.005 0.004 0.0046 0.005 0.004 0.004 
0.004 0.004 0.003 
Mg 2+  1.747 1.708 1.665 1.707 1.763 1.751 1.681 1.717 1.827 1.7135 1.674 1.669 1.766 
1,764 1.828 1.686 
Ca 2+  0.023 0.024 0.039 0.017 0.023 0.015 0.059 0.049 0.022 0.0348 0.026 0.025 0.031 0.031 0.027 
0.107 
Ni2 0.001 0.002 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.0009 0.002 0.001 0.001 0.001 0.001 0.001 
Na 0.012 0.012 0.008 . 0.005 0.010 0.005 0.017 0.007 0.006 0.0082 0.016 0.017 0.018 0.018 
0.007 0.027 
K' 0.001 0.000 0.000 0.001 0.000 0.001 0.004 0.001 0.000 0.0008 0.000 0.000 0.000 0.000 0.000 0.002 
Total 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Fe/Fe+Mg 	0.101 	0.103 	0.120 	0.105 	0.100 	0.106 	0.129 	0.118 	0.066 	0.114 	0.137 	0.136 	0.080 	0.081 	0.073 	0.106 
Table A.4a continued 
BD 2394 0P5 80 2394 matrix orthopyroxene 
core rim matrix matrix matrix matril matrix matrix matrix matrix matrix matrix 
Si02 5723 56.78 56.94 56.02 56.04 56.06 55.15 
56.01 56.80 56.71 56.82 55.58 
h02 0.17 0.15 0.17 0.27 0.28 0.23 
0.36 0.29 0.14 0.18 0.20 0.33 
A1203 0.81 0.28 0.68 1.73 1.66 1.42 2.43 
1.52 0.71 0.57 0.61 2.53 
0r203 0.18 0.26 0.38 0.33 0.27 0.27 
0.21 0.45 0.33 0.32 0.26 0.30 
FeO 7.24 7.39 5.71 7.04 6.89 6.72 6.91 7.06 6.38 6.31 6.49 6.89 
MnO 0.14 0.14 0.12 0.13 0.14 0.13 0.13 0.13 0.13 0.12 0.16 0.11 
MgO 32.83 33.65 34.80 33.42 33.55 33.86 33.74 33.70 34.40 34.52 34.69 33.88 
CaO 0.66 0.79 0.53 0.63 0.61 0.51 0.38 0.71 0.66 0.70 0.54 0.40 
NO 0.10 0.04 
Na20 0.20 0.08 0.12 0.13 0.13 0.12 
0.10 0.15 0.12 0.18 0.11 0.11 
K20 0.01 0.01 0.00 0.00 0.00 0.01 
0.01 0.02 0.00 0.00 0.00 0.00 
Total 99.55 99.56 99.45 99.71 99.57 99.32 99.41 100.04 99.67 99.60 99.87 100.13 
1.993 1.973 1.963 1.939 1.942 1.944 1.911 1.930 1.959 1.956 1.956 1.912 
T4 0.004 0.004 0.004 0.007 0.007 0.006 
0.009 0.007 0.004 0.005 0.005 0.009 
Al 3+  0.033 0.011 0.028 0.071 0.068 0.058 
0.099 0.062 0.029 0.023 0.025 0.103 
Cr3 0.010 0,014 0.021 0.018 0.015 
0.015 0.012 0.025 0.018 0.018 0.014 0.016 
Fe (total) 0.211 0.215 0.165 0.204 0.200 0.195 0.200 0.203 0.184 0.182 0.187 0.198 
Mn2 0.004 0.004 0.004 0.004 0.004 0.004 
0.004 0.004 0.004 0.004 0.005 0.003 
1.704 1.743 1.788 1.725 1.733 1.751 1.743 1.731 1.769 1.775 1.781 1.737 
Ca 2+  0.025 0.029 0.020 0.023 0.023 0.019 0.014 
0.026 0.024 0.026 0.020 0.015 
N! 2+  0.001 0.001 
NC 0.013 0.005 0.008 0.009 0.009 0.008 
0.007 0.010 0.008 0.012 0.007 0.007 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Total 4 4 4 4 4 4 4 4 4 4 4 4 
Fe/Fe+Mg 	0.110 	0.110 	 0.084 	0.106 	0.103 	0.100 	0.103 	0.105 	0.094 	0.093 	0.095 	0.102 
Table A.4b Polymict peridotite phlogopite wt% and no of ions in formula to 16 cations (all Fe as FeO 
JJG 2115 PH3 JJG 2115 PH4 0B3 PHI LM I PHI LM I PH2 LM I PH3 LM I PH4 JJ3 513 PH6 
core rim core 	• rim core rim core rim core rim core rim core rim core rim 
Si02 41.94 38.13 38.85 41.26 41.70 39.75 40.49 
41.82 40.11 39.56 41.24 39.46 40.68 38.20 41.84 39.35 
1102 0.44 4.56 7.70 1.68 0.52 
3.45 2.74 0.78 2.66 3.43 1.51 3.90 1.51 3.85 0.60 4.54 
A1203 10.03 11.67 11.91 11.95 10.22 12.95 12.34 11.01 
12.97 12.81 11.83 13.18 11.66 14.18 10.47 13.36 
Cr203 0.17 1.33 0.63 0.23 0.11 0.98 0.45 0.10 0.96 
0.82 0.26 0.75 0.26 0.78 0.09 1.33 
FeO 4.53 4.70 5.35 4.29 6.02 5.18 4.46 4.62 4.37 4.42 4.01 4.71 3.89 4.62 5.93 4.63 
MnO 0.02 0.04 0.08 0.02 0.05 0.04 0.03 0.05 0.04 0.04 0.03 0.04 0.04 0.01 0.07 0.04 
MgO 27.39 22.99 20.23 24.59 24.40 22.28 23.35 25.40 23.38 22.62 24.73 22.36 25.09 21.92 25.07 21.74 
CaO 0.01 0.00 0.03 0.02 0.05 0.02 0.01 0.04 0.04 0.02 0.02 0.03 0.01 0.05 0.01 0.04 




















































6.084 5.656 5.779 5.979 6.147 5.790 5.932 6.130 5.824 5.815 5.991 5.778 5.933 5.635 6.056 5.721 
4- 
 0.048 0.509 0.861 0.183 0.057 0.378 0.302 0.086 
0.290 0.379 0.165 0.430 0.165 0.427 0.066 0.496 
Ti 
3+ 
 1.714 2.041 2.088 2.041 1.776 2.223 2.130 1.902 
2.220 2.218 2.026 2.274 2.004 2.466 1.786 2.289 
Al 
Cr3 0.041 0.316 0.152 0.053 0.027 0.229 0.106 
0.025 0.225 0.193 0.060 0.176 0.062 0.184 0.022 0.311 
Fe (total) 0.550 0.583 0.665 0.520 0.743 0.631 0.547 0.566 0.530 0.543 0.488 0.576 0.475 0.569 0.718 0.563 
0.003 0.005 0.010 0.003 0.007 0.005 0.003 0.006 0.005 0.004 0.003 0.005 0.004 0.001 0.009 0.005 Mn2 
2+ 
 5.923 5.083 4.487 5.312 5.362 4.837 5.099 
5.552 5.060 4.955 5.356 4.885 5.454 4.621 5.409 4.712 
Mg 
0.001 0.001 0.004 0.004 0.007 0.003 0.002 0.006 0.006 0.003 0.003 0.004 0.002 0.006 0.001 0.007 2+  Ca 
0.002 0.006 0.009 0.010 0.003 0.006 0.008 0.006 0.009 0.007 0.006 0.005 0.004 0.007 0.003 0.009 Ni2 
0.091 0.126 0.125 0.093 0.025 0.040 0.063 0.054 0.060 0.072 0.029 0.062 0.024 0.061 0.027 0.065 Na 
1.543 1.673 1.819 1.803 1.846 1.859 1.810 1.667 1.771 1.611 1.874 1.804 1.872 1.820 1.904 1.822 
Total 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 
Fe/Fe+Mg 	0.085 	0.103 	0.089 	0.129 	0.122 	0.115 	0.097 	0.093 	0.095 	0.099 	0.083 	0.106 	0.080 	0.106 	0.117 	0.107 
Table A.4b continued 
JJG 513 PH8 JJG 2419 PH5 JJG 2419 PH7 BD 2666 PH6 BD 2666 PH7 XM2 PHI XM2 PH3 BD 2394 PH2 
core rim core rim core rim core rim core rim core rim core rim • core rim 
4178 40.55 41.12 39.50 39.26 39.31 42.01 41.60 41.67 41.64 38.92 38.90 38.14 37.66 40.79 38.91 
Ti02 0.58 4.16 0.43 3.39 3.94 4.20 0.48 1.08 0.43 1.64 3.07 3.75 3.53 
3.71 1.58 3.70 
A1203 10.36 12.90 9.84 11.84 12.30 13.05 9.64 11.75 9.81 10.80 
14.47 13.83 14.42 14.88 11.95 13.97 
Cr203 0.08 0.99 0.13 0.43 0.60 0.85 0.10 0.11 0.10 0.20 1.97 
1.59 1.81 1.39 0.33 1.32 
FeO 5.97 4.79 5.88 5.04 5.57 4.79 6.55 4.30 6.79 4.63 3.92 4.06 3.96 3.99 4.00 4.68 
MnO 0.02 0.00 0.01 0.06 0.03 0.04 0.06 0.04 0.04 0.02 0.05 0.02 0.05 0.04 0.01 0.00 
MgO 24.96 23.34 24.50 22.88 21.71 22.26 25.43 25.09 24.61 24.79 21.46 21.88 22.34 22.50 24.65 22.11 
CaO 0.03 0.06 0.01 0.00 0.01 0.03 0.08 0.03 0.00 0.01 0.01 0.06 0.10 0.04 0.00 0.00 
NiO 0.06 0.11 0.06 0.12 0.08 0.10 0.07 0.12 0.11 0.19 0.10 0.10 0.09 0.09 0.08 0.13 
Na20 0.10 0.33 0.12 0.15 0.18 0.22 0.11 0.24 0.11 0.17 0.38 
0.77 0.56 0.81 0.11 0.29 
K20 10.36 9.90 10.12 10.13 9.71 10.04 9.51 9.71 9.98 
8.14 8.93 8.15 9.57 9.36 10.34 9.89 
Total 94.30 97.13 92.22 93.54 93.39 94.89 94.02 94.05 93.66 92.41 93.26 93.10 94.58 94.47 93.83 95.01 
6.064 5.759 6.099 5.833 5.642 5.731 6.124 6.030 6.111 6.213 5.717 5.732 5.507 5.443 5.927 5.639 si" 
4+ 
 0.064 0.445 0.048 0.376 0.441 0.460 0.053 0.118 0.048 0.183 0.339 
0.415 0.384 0.403 0.172 0.403 
Ti 
3+ 
 1.773 2.160 1.720 2.061 2.157 2.242 1.655 2.007 
1.696 1.890 2.505 2.402 2.454 2.534 2.046 2.386 
At 
cr3 0.018 0.226 0.030 0.102 0.144 0.200 0.023 0.025 0.023 
0.047 0.464 0.377 0.421 0.323 0.077 0.309 
Fe (total) 0.724 0.569 0.729 0.622 0.693 0.584 0.796 0.521 0.833 0.575 0.482 0.500 0.478 0.482 0.486 0.567 
21 0.003 0.000 0.002 0.008 0.003 0.004 0.008 0.004 0.005 0.002 0.006 0.002 0.006 0.005 0.001 0.000 Mn 
2+ 
 5.400 4.942 5.417 5.037 4.817 4.838 5.525 5.421 5.379 5.488 4.699 4.806 
4.806 4.846 5.340 4.777 
Mg 
Ca 2+  0.005 0.009 0.001 0.000 0.001 0.004 0.012 0.004 0.000 0.001 0.001 0.009 
0.015 0.006 0.000 0.000 
Ni2 0.003 0.006 0.004 0.007 0.005 0.006 0.004 0.007 0.006 0.011 0.006 0.006 0.005 
0.005 0.004 0.007 
NC 0.029 0.091 0.034 0.044 0.053 0.062 0.030 0.068 0.032 0.048 0.108 0.219 0.158 
0.226 0.030 0.082 
K 1.919 1.794 1.916 1.909 1.844 1.867 1.769 1.795 1.867 1.543 1.673 1.532 1.764 
1.725 1.917 1.829 
Total 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 
Fe/Fe+Mg 	0.118 	0.103 	0.119 	0.110 	0.126 	0.108 	0.126 	0.088 	0.134 	0.095 	0.093 	0.094 	0.090 	0.091 	0.083 	0.106 
Table A.4b continued 
BD 2394 P113 BD 2394 matrix phlogopites 
core rim matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix 
S102 42.64 39.89 37.55 38.08 37.07 36.54 36.99 39.85 
38.43 39.50 38.27 38.11 36.95 38.29 38.02 37.66 37.23 
Ti02 0.66 3.94 3.82 4.01 3.82 3.56 3.87 3.37 4.08 3.76 4.00 3.64 3.74 3.82 3.50 4.12 3.88 
A1203 10.97 12.71 15.66 14.18 14.67 14.84 14.83 13.69 13.91 
12.71 13.71 15.32 15.22 14.98 14.02 15.18 14.54 
Cr203 0.55 0.93 1.06 1.33 1.74 1.38 0.97 1.08 0.85 
0.69 0.95 1.56 1.17 1.68 1.42 1.03 1.18 
FeO 4.30 5.03 4.90 4.86 4.71 4.86 4.95 4.89 4.85 4.63 4.81 5.03 4.90 4.84 4.93 4.86 5.04 
MnO 0.06 0.05 0.04 0.06 0.02 0.04 0.03 0.05 0.02 0.04 0.04 0.05 0.00 0.03 0.04 0.03 0.04 
MgO 24.23 21.46 21.34 21.17 21.21 21.27 21.69 23.87 21.93 22.78 22.20 21.19 21.28 21.18 21.43 21.44 21.64 
CaO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.01 
NiO 0.12 0.14 
Na20 0.13 0.19 0.33 0.26 0.26 0.37 
0.34 0.33 0.22 0.25 0.23 0.40 0.39 0.33 0.27 0.35 0.39 
K20 9.80 9.39 9.94 9.76 9.89 9.47 9.46 
8.97 10.15 10.18 10.18 9.57 9.77 10.02 9.74 9.58 9.58 
Total 93.46 93.73 94.65 9171 93.38 92.32 93.13 96.12 94.45 94.55 94.37 94.87 9142 95.16 93.36 94.27 93.53 
6.230 5.912 5.469 5.611 5.455 5.437 5.471 5.689 5.621 5.758 5.590 5.532 5.442 5.540 5.606 5.514 5.482 
4+ 
 0.073 0.439 0.418 0.444 0.423 0.399 0.430 
0.361 0.449 0.413 0.439 0.397 0.414 0.416 0.388 0.454 0.430 
Ti 
3+ 1.890 2.219 2.687 2.463 2.545 2.602 2.586 2.304 2.397 2.183 2.360 2.620 2.642 2.555 2.436 2.619 2.523 Al 
0.128 0.222 0.249 0.316 0.413 0.330 0.232 0.248 0.200 0.163 0.222 0.365 0.276 0.390 0336 0.243 0.278 
Fe (total) 0.525 0.624 0.596 0.599 0.579 0.604 0.612 0.584 0.593 0.564 0.587 0.610 0,604 0.585 0.608 0.595 0.620 
0.007 0.007 0.005 0.007 0.002 0.005 0.004 0.006 0.003 0.005 0.005 0.006 0.000 0.004 0.005 0.004 0.005 
2+ 
 5.277 4.741 4.633 4.651 4.653 4.718 4.782 5.081 4.781 4.950 
4.835 4.584 4.674 4.568 4.710 4.680 4.750 
Mg 
2+ 
 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.001 
0.001 0.000 0.001 0.000 0.000 0.001 0.004 0.002 
Ca 
Ni2 0.007 0.008 
0.037 0.053 0.094 0.073 0.073 0.107 0.099 0.092 0.061 0.070 0.064 0.113 0.111 0.093 0.078 0.099 0.110 NC 
1.826 1.775 1.846 1.835 1.857 1.798 1.784 1.634 1.894 1.893 1.898 1.772 1.836 1.849 1.833 1.789 1.800 
Total 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 
Fe/Fe+Mg 0.090 0.116 0.114 0.114 0.111 0.114 0.113 0.103 0.110 0.102 0.108 0.118 0.114 0.114 0.114 0.113 0.116 
Table A.4b continued 
matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix 
Si02 36.41 37.12 37.59 37.66 38.32 38.26 37.82 38.41 39.29 38.27 37.52 38.44 38.04 
37.54 38.81 36.07 39.50 37.97 
Tb2 4.13 4.25 3.72 3.72 3.82 3.86 3.94 3.99 4.13 4.13 3.95 3.78 155 4.05 3.91 3.16 4.03 3.72 
A1203 14.54 15.41 14.96 15.43 13.12 13.69 14.22 14.77 15.24 14.90 13.40 15.33 16.51 15.39 14.61 16.26 14.16 15.16 
Cr203 1.07 0.99 1.46 1.52 0.83 0.80 1.34 1.20 1.06 1.16 1.00 1.13 0.78 1.54 1.19 0.85 0.80 1.94 
FeO 4.98 5.09 4.82 4.88 5.11 4.83 4.80 4.78 4.84 4.76 4.79 5.03 5.13 4.96 4.83 4.95 4.94 4.94 
MnO 0.04 0.04 0.04 0.06 0.00 0.05 0.06 0.04 0.03 0.02 0.04 0.02 0.05 0.05 0.03 0.04 0.02 0.04 
MgO 21.99 21.19 21.64 20.65 22.80 21.97 21.35 22.94 21.64 21.69 20.54 21.19 21.06 20.54 21.85 21.45 22.08 21.20 
CaO 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
Nb 
Na20 0.38 0.33 0.44 0.41 0.35 0.27 0.29 0.39 0.28 0.33 0.28 0.27 0.27 0.33 0.27 0.31 
0.24 0.25 
K20 9.50 9.72 9.34 9.49 9.56 9.30 9.69 9.70 9.74 9.90 9.51 9.98 9.58 9.82 9.69 
9.54 10.02 9.69 
Total 93.03 94.13 94.01 93.85 93.91 93.03 93.49 96.23 96.28 95.16 91.04 95.18 94.97 94.22 95.21 92.63 95.79 94.90 
Si4 5.384 5.451 5.495 5.531 5.618 5.679 5.578 5.482 5.644 5.547 
5.705 5.579 5.539 5.501 5.623 5.349 5.702 5.504 
4+ 
 0.459 0.469 0.409 0.411 0.421 0.431 0.436 0.428 0.446 0.450 0.452 0.413 0.388 0.446 
0.426 0.353 0.438 0.405 
Ti 
2.534 2.666 2.578 2.670 2.267 2.394 2.471 2.484 2.580 2.545 2.402 2.622 2.833 2.658 2.494 2.842 2.409 2.591 
Cr3 0.254 0.233 0.342 0.360 0.195 0.191 0.318 0.275 0.244 0.271 0.244 0.263 0.183 
0.363 0,278 0.202 0.186 0.451 
Fe (total) 0.616 0.625 0.589 0.600 0.627 0.600 0.592 0.571 0.582 0.576 0.609 0.611 0.625 0.608 0.586 0.614 0.596 0.599 
Mn2 0.004 0.004 0.005 0.007 0.000 0,007 0.007 0.005 0.003 0.003 
0.006 0.002 0.006 0.006 0.004 0.004 0.003 0.005 
2+ 
 4.847 4.637 4.715 4.522 4.984 4.860 4.693 4.880 4.633 4.686 4.655 4.585 
4.570 4.487 4.720 4.743 4.752 4.581 
Mg 
0.001 0.000 0.000 0.005 0.000 0.000 0.000 0.002 0.003 0.000 0.001 0.001 0.000 0.002 0.000 0.000 0.000 0.000 
Ni2 
Na' 0.108 0.093 0.125 0117 0.099 0,077 0.081 0.108 0.079 0.092 0.083 0.076 0.075 0.092 0.076 0.088 0.068 
0.071 
1.792 1.821 1.742 1.778 1.789 1.761 1.822 1.766 1.785 1.831 1.845 1.847 1.780 1.836 1.792 1.806 1.845 1.793 
Total 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 
Fe/Fe+Mg 	0.113 	0.119 	0.111 	0.117 	0.112 	0.110 	0.112 	0.105 	0.112 	0.110 	0.116 	0.118 	0.120 	0.119 	0.110 	0.115 	0.111 	0.116 
Table A.4b continued 
matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix 
S102 38.35 37.64 37.75 37.25 36.33 38.94 39.30 38.40 37.53 37.97 37.80 38.47 
T12 4.10 3.664 3.91 4.01 4.06 3.95 3.57 4.29 3.95 4.37 4.25 4.03 
A1203 15.38 15.252 14.31 15.15 14.84 14.21 12.99 15.30 15.47 14.95 15.07 14.37 
Cr203 1.54 2.196 1.60 1.58 1.56 1.12 0.87 0.66 1.47 1.38 0.94 
0.92 
FeO 4.91 4.959 4.84 4.99 4.93 4.89 4.50 4.92 4.79 4.91 5.06 4.71 
MnO 0.05 0.019 0.04 0.03 0.03 0.04 0.05 0.02 0.04 0.05 0.05 0.02 
MgO 21.77 20.899 21.63 21.06 21.54 21.71 22.87 21.65 21.28 20.35 20.78 22.62 
CaO 0.02 0.005 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 
NiO 
Na20 0.34 0.343 0.31 0.31 0.31 0.25 0.20 0.30 0.33 0.31 0.38 0.47 
1<20 9.59 9.689 9.75 9.75 
9.78 9.96 8.94 9.80 9.67 9.44 9.35 9.63 
Total 96.05 94.666 94.15 94.13 93.39 95.07 93.30 95.34 94.53 93.73 93.69 95.24 
5.500 5.462 5.516 5.453 5.346 5.657 5.801 5.574 5.467 5.614 5.591 5.555 
4- 
 0.442 0.400 0.430 0.442 0.450 0.432 0.397 
0.468 0.433 0.485 0.473 0.437 
Ti 
Al 3+  2.600 2.609 2.465 2.614 2.574 2.433 2.260 2.617 2.656 
2.604 2.627 2.446 
0.356 0.513 0.376 0.373 0.369 0.262 0.207 0.155 0.344 0.329 0.223 0.215 
Fe (total) 0.589 0.602 0.592 0.610 0.606 0.593 0.556 0.598 0.584 0.607 0.625 0.569 
Mn2 0.006 0.002 0.004 0.003 0.004 0.005 0.007 0.002 0.005 0.007 0.006 
0.002 
4.655 4.521 4.712 4.595 4.726 4.701 5,032 4.686 4.620 4.485 4.581 4.869 
Ca 2+ 0.002 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.002 
0,001 
Ni2 
Na 0.095 0.097 0.088 0.089 0.089 0.070 0.056 0.086 0.094 0.089 0.109 0.132 
K 1.755 1794 1.817 1.821 1.636 1.845 1.683 1.814 1.797 1.780 1.763 1.774 
Total 16 16 16 16 16 16 16 16 16 16 16 16 
Fe/Fe+Mg 	0.112 	0.117 	0.112 	0.117 	0.114 	0.112 	0.099 	0.113 	0.112 	0,119 	0.120 	0.105 
Table A.4c Polymict peridotite garnet wt% and no of ions in formula to 8 cations (all Fe as FeO) 
LM I Gil LM I Gt2 LM 1 013 LM I GT4 JJG 513 Gil XM2 Gil XM2 GT2 
core rim core rim core rim cdre rim core rim core rim core rim 
41.17 41.20 41.62 41.59 39.80 39.73 41.33 40.45 41.40 41.61 41.61 41.57 41.94 4179 
1102 0.47 0.46 0.03 0.03 
0.28 0.28 0.41 0.87 0.77 0.66 0.01 1.14 0.30 0.65 
A1203 20.98 21.32 21.09 20.98 21.68 21.81 22.16 18.04 
20.63 20.86 20.35 19.95 20.76 20.92 
Cr203 2.62 2.16 3.05 3.03 0.20 0.19 0.63 
5.34 2.47 2.42 4.11 3.34 3.60 2.80 
FeO 8.99 9.02 5.93 6.06 17.23 16.80 9.89 9.05 8.94 8.92 7.15 8.32 6.72 8.06 
MnO 0.37 0.38 0.27 0.27 0.41 0.36 0.37 0.33 0.41 0.44 0.43 0.35 0.30 0.33 
MgO 19.56 19.71 21.83 21.73 15.16 15.55 19.48 18.72 19.65 19.72 20.85 21.05 21.50 21.26 
CaQ 4.86 4,89 4.26 4.28 3.57 3.52 4.07 5.09 4.88 4.79 5.18 4.43 4.89 4.12 
Ni0 0.02 0.05 0.01 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.02 0.01 0.02 
Na20 0.04 0.05 0.04 0.03 0.09 0.08 0.08 0.09 
0.11 0.10 0.02 0.08 0.06 0.06 
K20 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
0.00 0.01 0.01 0.00 0.01 0.00 0.01 
Total 99.09 99.24 98.13 98.03 98.45 98.35 98.46 98.00 99.29 99.55 99.75 100.26 100.10 100.03 
4+ 2,921 2.923 2.926 2.930 2.969 2.958 2.981 2.880 2.935 2.942 2.888 2.896 2.899 2.915 Si 
4+ 
 0.025 0.025 0.002 0.002 0.016 0.016 0.022 
0.046 0.041 0.035 0.001 0.060 0.016 0.034 
Ti 
1.755 1.783 1.748 1.742 1.906 1.914 1.883 1.514 1.724 1.738 1.665 1.638 1.692 1.719 
Cr3 0.299 0.247 0.344 0.344 0.024 0.023 0.073 
0.612 0.281 0.275 0.458 0.374 0.400 0.314 
Fe (total) 0.534 0.535 0.349 0.357 1.075 1.046 0.597 0.539 0.530 0.527 0.415 0.485 0.389 0.470 
Mn2' 0.022 0.023 0.016 0.016 0.026 0.023 0.022 0.020 0.025 
0.026 0.025 0.021 0.018 0.020 
2+ 
 2.069 2.085 2.288 2.282 1.686 1.727 2.094 1.987 2.077 2.078 2.158 2.186 
2.216 2.210 
Mg 
Ca 2+  0.370 0.371 0.321 0.323 0.285 0.281 0.315 0.388 0.371 0.362 0.385 0.331 
0.362 0.308 
Ni2 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 
NC 0.006 0.006 0.006 0.004 0.013 0.012 0.011 0.012 0.015 
0.013 0.003 0.010 0.008 0.008 
K' 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 
0.001 
Total 8 8 8 8 8 8 8 8 8 8 8 8 8 5 
Fe/Fe+Mg 	0105 	0.204 	0.132 	0.135 	0.389 	0.377 	0.213 	0.205 	0.203 	0.202 	0.161 	0.182 	0.149 	0.175 
Table A.4c continued: BD 2394 garnet wt% and no of ions in formula to B cations 
GTI (overgrowth) Gil (purple core) GT2 (orange) GT3 (pink) GT4 (orange) SD 2394 matrix garnets 
core rim core rim core rim core rim core rim matrix matrix matrix matrix matrix 
8102 41.08 40.36 41.68 41.60 40.17 41.02 41.60 42.18 4033 40.47 41.08 41.17 40.88 41.39 40.83 
T102 1.18 0.98 0.11 0.09 6.20 0.60 0.33 0.34 0.21 0.21 1.64 0.88 1.23 0.54 
0.48 
A1203 21.03 20.80 20.18 20.21 22.12 21.75 20.65 20.81 21.97 21.94 20.75 21.35 21.01 22.24 21.78 
Cr2O3 0.99 1.04 4.09 4.04 0.16 0.42 3.28 3.18 0.05 0.08 0.92 1.12 0.88 1.09 1.37 
FeO 9.90 9.63 6.46 6.56 17.11 11.59 6.88 6.78 15.16 15.01 9.66 10.02 9.64 9.68 9.84 
MnO 0.33 0.33 0.34 0.33 0.40 0.37 0.34 0.34 0.34 0.39 0.30 0.39 0.31 0.35 0.41 
MgO 20.89 21.61 21.34 21.50 15.76 19.75 21.51 21.66 12.80 13.01 21.39 20.37 20.94 20.82 20.86 
CaO 3.61 3.33 5.03 4.93 3.18 3.94 4.71 4.74 8.78 8.79 3.28 3.59 136 3.33 3.40 
NO 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 
Na20 0.08 0.05 0.04 0.05 0.11 0.14 0.07 0.07 0.08 0.09 0.08 0.05 0.07 0.04 0.05 
1(20 0.01 0.02 0.00 0.01 0.01 0.02 
0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.03 
Total 99.11 98.17 99.28 99.34 99.23 99.63 99,38 100.13 99.74 100.02 99.10 98.93 98.31 99.46 99.05 
2.932 2.895 2.897 1889 2.964 2.936 2.900 2.920 2.984 2.984 2.931 2.946 2.940 2.935 2.903 
4+ 
 0.063 0.053 0.006 0.005 0.011 0.033 0.018 0.018 0.011 0.011 0.088 
0.047 0.066 0.029 0.026 
Ti 
At 3+  1.769 1.759 1.653 1.654 1.923 1.835 1.697 1.698 1.917 1.906 1.745 1.800 1.780 
1.858 1.825 
Cr3 0.114 0.120 0.457 0.452 0.019 0.049 0.368 0.355 0.006 0.010 0.105 0.129 0.102 0.124 0.157 
Fe (total) 0.591 0.578 0.376 0.381 1.056 0.694 0.401 0.393 0.938 0.925 0.577 0.599 0.580 0.574 0.585 
Mn2 0.020 0,020 0.020 0.019 0.025 0.022 0.020 0.020 0.021 0.024 0.018 0.023 0.019 0.021 0.024 
2.223 2.310 2.211 2.225 1.734 2.107 2.235 2.235 1.412 1.430 2.275 2.173 2.245 2.200 2.211 
Ca2 0.276 0.256 0.374 0.367 0.252 0.302 0.352 0.352 0.696 0.694 0.251 0.275 0.259 0.253 0.259 
Ni2 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
Na" 0.011 0.008 0.005 0.006 0.016 0.019 0.010 0.009 0.012 0.013 0.011 0.006 0.009 0.005 0.007 
K 0.000 0.002 0.000 0.001 0.000 0.002 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.003 
Total 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 
Fe/Fe+Mg 	0.210 	0.200 	0.145 	0.146 	0.379 	0.248 	0.152 	0.149 	0.399 	0.393 	 0.202 	0.216 	0.205 	0.207 	0.209 
Table A.4c continued 
matrix matrix matrix matrix matrix matrix 
Si02 40.85 41.14 41.06 40.93 41.54 41.24 
Ti02 1.59 0.44 1.26 0.58 0.66 0.73 
A1203 20.88 22.11 21.32 21.81 22.19 21.72 
Cr203 0.82 1.17 0.86 1.01 0.83 1.05 
FeO 9.40 10.54 9.31 9.76 8.97 9.69 
MnO 0.30 0.38 0.27 0.37 0.29 0.32 
MgO 21.57 20.78 21.51 21.01 22.72 21.78 
CaO 3.12 3.57 3.03 2.95 2.35 2.51 
NO 
Na20 0.08 0.11 0.07 0.04 0.05 0.05 
K20 0.01 0.03 0.01 0.01 0.01 0.02 
Total 98.60 100.27 98.69 98.47 99.60 99.10 
Si4 2.925 2.897 2.933 2.930 2.922 2.926 
Ti 4+  0.085 0.023 0.068 0.031 0.035 0.039 
Al 3+  1.762 1.835 1.795 1.840 1.839 1.816 
Cr3 0.094 0.132 0.098 0.116 0.094 0.120 
Fe (total) 0.563 0.620 0.556 0.585 0.527 0.575 
Mn2 0.018 0.023 0.017 0.022 0.017 0.019 
Mg 2+  2.302 2.181 2,291 2.242 2.382 2.304 
Ca 2+  0.239 0.270 0.232 0.227 0.177 0.191 
Ni2 
NC 0.011 0.015 0.009 0.006 0.006 0.007 
0.001 0.002 0.000 0.001 0.001 0.001 
Total 8 8 8 8 8 8 
Fe/Fe+Mg 0.196 0.221 0.195 0.207 0.181 0.200 
Table A.4d Polymict peridotite olivine wt% and no of ions in formula to 3 cations (all Fe as FeO) (neo = neoblast) 
JJG 2115 01-3 DB3 CLI DB3 01-2 LM 101-2 LM 101.3 LM 101-4 
core rim ned core rim core rim neo core rim óore rim core rim nec 
Si02 4058 39.86 39.80 40.08 39.52 40.19 39.86 39.99 
39.46 39.96 40.22 40.41 40.71 40.15 39.99 
1102 0.00 0.03 
0.01 0.00 0.03 0.00 0.05 0.09 0.01 0.01 0.02 0.02 0.00 0.01 0.01 
A1203 0.06 0.04 0.01 0.02 0.03 0.01 
0.02 0.01 0.02 0.05 0.02 0.01 0.02 0.01 0.03 
Cr203 0.01 0.01 0.03 0.03 0.03 0.06 
0.03 0.05 0.05 0.03 0.03 0.03 0.02 0.04 0.02 
FeO 6.62 1121 11.52 8.92 11.07 8.61 10.93 11.21 13.33 12.06 11.14 11.28 8.01 10.21 11.08 
MnO 0.09 0.14 0.15 0.10 0.16 0.13 0.12 0.13 0.17 0.16 0.13 0.14 0.09 0.12 0.11 
MgO 51.49 47.72 47.44 49.76 47.74 49.57 47.73 47.84 46.55 47.46 48.78 48.71 51.04 49.06 48.66 
CaO 0.03 0.04 0.04 0.02 0.05 0.03 0.03 0.04 0.08 0.05 0.03 0.04 0.04 0.04 0.04 
NiO 0.43 0.32 0.29 0.28 0.21 0.31 0.21 0.23 0.32 0.26 0.18 0.21 0.31 0.25 0.16 
Na20 0.02 0.01 0.01 0.00 0.02 0.02 
0.02 0.02 0.03 0.00 0.02 0.02 0.02 0.01 0.01 
K20 0.01 0.01 0.00 0.00 0.00 0.00 
0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.01 
Total 99.35 99.38 99.30 99.22 98.86 98.95 99.01 99.62 100.01 100.04 100.57 100.88 100.26 99.92 100.11 
0.987 0.990 0.991 0.985 0.985 0.991 0.992 0.990 0.982 0.989 0.984 0.987 0.986 0.986 0.982 
0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Ti 
3+ 
 0.002 0.001 0.000 0.001 0.001 0.000 0.001 
0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.001 
Al 
cr3 0.000 0.000 0.001 0.001 0.001 0.002 0.001 
0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 
Fe (total) 0.135 0.233 0.240 0.183 0.231 0.177 0.227 0.232 0.278 0.250 0.228 0.230 0.162 0.210 0.228 
Mn2 0.002 0.003 0.003 0.002 0.003 0.003 0.003 0.003 
0.004 0.003 0.003 0.003 0.002 0.003 0.002 
2+ 
 1.867 1.767 1.760 1.824 1.774 1.821 1.771 1.766 
1.727 1.751 1.780 1.774 1.843 1.796 1.782 
Mg 
2+ 
 0.001 0.001 0.001 0,001 0.001 0.001 0.001 0.001 
0.002 0.001 0.001 0.001 0.001 0.001 0.001 
Ca 
Ni2' 0.004 0.003 0.003 0.003 0.002 0.003 0.002 0.002 0.003 0.003 
0.002 0.002 0.003 0.002 0.002 
0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 NC 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 K 
Total 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Fe/Fe+Mg 	0.067 	0.116 	0.120 	0.091 	0.115 	0.089 	0.114 	0.116 	0.138 	0.125 	0.114 	0.115 	0.114 	0.105 	0.113 
Table A.4d continued 
JJG 513 OLI JJG 513 01-5 JJG 2419 OLI JJG 2419 01-3 JJG 2419 01-4 BD 2666 0L3 BD 2666 01-4 
core rim core rim neo core lim core rim core rim core rim core rim neo 
si02 40.82 40.29 40.62 40.16 40.24 40.11 39.76 39.66 39.80 40.27 39.59 40.57 40.08 40.37 40.09 39.93 
Ti02 0.00 0.00 0.02 0.00 0.04 0.02 0.04 0.17 0.13 0.00 0.02 0.01 0.07 0.01 0.02 0.05 
A1203 0.01 0.00 0.03 0.02 0.04 0.02 0.03 0.02 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.01 
Cr2O3 0.05 0.04 0.05 0.05 
0.04 0.05 0.03 0.04 0.05 0.04 0.03 0.04 0.04 0.04 0.02 0.05 
FeO 7.30 10.54 8.05 10.78 10.88 8.50 11.47 11.34 11.32 813 11.44 9.13 11.52 8.24 10.79 10.01 
MnO 0.11 0.12 0.10 0.12 0.16 0.11 0.11 0.12 0.12 0.12 0.15 0.11 0.14 0.10 0.11 0.12 
MgO 51.07 48.47 50.03 47.95 48.35 49.58 47.73 48.04 47.94 50.58 47.80 50.14 48.34 50.39 4838 49.73 
CaO 0.02 0.05 0.03 0.07 0.05 0.01 0.05 0.04 0.03 0.03 0.04 0.11 0.14 0.10 0.11 0.05 
NiO 0.36 0.31 0.36 0.36 0.39 0.02 0.02 0.01 0.01 0.02 0.03 0.37 0.27 0.34 0.31 0.12 
Na20 0.02 0.02 0.02 0.03 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.03 0.01 0.02 
K20 0.00 0.00 0.01 0.01 0.00 0.23 0.20 0.21 0.22 0.18 0.12 0.00 0.01 0.01 0.00 0.00 
Total 99.76 99.83 99.32 99.53 100.20 98.65 99.45 99.66 99.65 99.38 99.24 100.51 100.64 99.65 99.86 100.10 
0.992 0.993 0.996 0.995 0.990 0.990 0.987 0.981 0.985 0.984 0.983 0.986 0.983 0.986 0.989 0.975 
Ti 
4+ 
 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.003 0.002 0.000 0.000 0.000 0.001 0,000 0.000 0.001 
0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 
Cr3 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.002 
Fe (total) 0.148 0.217 0.165 0.223 0.224 0.175 0.238 0.235 0.234 0.166 0.238 0.186 0.236 0.168 0.223 0.205 
Mn2 0.002 0.003 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.002 0.002 0.003 
1.850 1.781 1.828 1.771 1.773 1.825 1.766 1.772 1.769 1.842 1.770 1.817 1.767 1.834 1.779 1.811 
Ca 2+  0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.003 0.004 0.003 0.003 0.001 
Ni2 0.003 0.003 0.004 0.004 0.004 0.001 0.001 0.001 0.001 0.001 0.001 0.004 0.003 0.003 0.003 0.001 
Na' 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.000 0.001 
0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000 
Total 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Fe/Fe+Mg 	0.074 	0.109 	0.083 	0.112 	0.112 	0.088 	0.119 	0.117 	0.117 	0.083 	0.118 	0.093 	0.118 	0.093 	0.111 	0.101 
Table A.4d continued 
- XM2 01-3 BD 2394 01-2 JIJG 1414 01-2 
core rim neo • core rim core rim neo 
8102 40.63 3985 40.20 40.88 40.52 40.62 40.42 
39.81 
T102 0.03 0.02 0.01 0.01 0.01 0.01 0.02 0.02 
A1203 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.04 
Cr2O3 0.04 0.03 0.04 0.03 0.03 0.05 0.07 0.05 
FeO 8.09 8.09 11.43 7.36 10.61 7.04 8.21 9.98 
MnO 0.10 0.11 0.13 0.12 0.13 0.09 0.11 0.12 
MgO 51.15 50.64 48.26 50.95 48.38 50.88 50.28 49.25 
GaO 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.05 
NiO 0.24 0.20 0.23 0.15 0.13 0.17 0.15 0.19 
Na20 0.03 0,00 0.02 0.01 0.01 0.02 0.01 0.03 
K20 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 
Total 100.37 99.01 100.35 99.58 99.90 98.93 99.31 99.54 
0.983 0.977 0.988 0.994 0.998 0.993 0.989 0.979 
Ti 
4+ 
 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 
Gr3 0.002 0.001 0.002 0.001 0.001 0.002 0.003 0.002 
Fe (total) 0.164 0.166 0.235 0.150 0.219 0.144 0.168 0.205 
Mn2 0.002 0.002 0.003 0.003 0.003 0.002 0.002 0.002 
1.844 1.850 1.768 1.848 1.776 1.855 1.834 1.805 
Ca 2+  0,001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
0.002 0.002 0.002 0.001 0.001 0.002 0.001 0.002 
NC 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3 3 3 3 3 3 3 3 
Fe/Fe+Mg 	0.082 	0.082 	0.117 	0.075 	0.110 	0.072 	0.084 	0.102 
Table A4e Polymict peridotite ilmenite wt% and no of ions in formula to 2 cations (all Fe as FeO) 
XM2 - DB3 JJG 2419 BD 2666 
core rim core rim core rim coib rim core rim core rim core rim bore rim 
Si02 0.02 0.04 0.00 0.02 0.03 0.03 0.13 0.04 0.02 0.01 0.02 0.04 0.02 0.02 0.017 0.03 
Ti02 57.62 56.17 56.14 56.36 55.56 56.51 56.75 57.66 57.88 57.60 56.75 57.17 55.75 56.42 57.347 57.27 
A1203 0.43 0.50 0.46 0.19 0.56 0.13 0.39 0.03 0.32 0.19 0.32 
0.16 0.49 0.54 0.328 0.12 
Cr203 1.31 3.48 2.92 3.57 3.63 3.68 3.50 4.30 1.62 1.70 2.60 3.05 
3.77 3.80 2.667 2.39 
FeO 27.65 26.46 28.23 26.86 27.83 26.66 27.67 23.98 27.96 27.94 28.23 27.45 28.79 28.60 26.804 26.07 
MnO 0.30 0.26 0.25 0.28 0.20 0.26 0.22 0.29 0.24 0.31 0.32 0.31 0.22 0.26 0.286 0.31 
MgO 14.39 14.48 12.87 13.27 13.25 13.54 12.77 15.44 13.46 13.59 12.97 13.23 12.14 11.86 13.739 14.38 
CaO 0.07 0.03 0.04 0.03 0.02 0.03 0.14 0.25 0.06 0.11 0.03 0.13 0.07 0.03 0.026 0.07 
NiO 0.12 0.13 0.19 0.20 0.21 0.17 0.15 0.12 0.08 0.08 0.12 0.11 0.10 0.12 0.221 0.20 
Na20 0.04 0.06 0.04 0.04 0.03 0.04 0.20 0.09 0.02 0.05 0.00 
0.04 0.06 0.14 0.043 0.05 
K20 0.00 0.00 0.01 0.01 0.00 0.00 0.05 0.06 0.00 0.03 
0.01 0.04 0.01 0.01 0.008 0.01 
Total 101.96 101.60 101.14 100.84 101.32 101.03 101.96 102.46 101.66 101.61 101.58 101.72 101.41 101.79 101.69 100.88 
0.001 0,001 0.000 0.001 0.001 0.001 0.003 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0,001 
4+ 0.952 0.912 0.931 0.931 0.912 0.929 0.929 0.922 0.964 0.958 0.939 0.941 0.920 0.929 0.943 0.948 Ti 
3- 
 0.011 0.013 0.012 0.005 0.014 0.003 0.010 0.001 0.008 
0.005 0.008 0.004 0.013 0.014 0.008 0.003 
Al 
Cr3 0.046 0.121 0.104 0.126 0.127 0.129 0.122 0.147 0.058 
0.061 0.099 0.107 0.133 0.134 0.101 0.084 
Fe (total) 0.508 0.478 0.521 0.493 0.508 0.488 0.504 0.425 0.518 0.517 0.520 0.503 0.528 0.524 0.490 0.480 
Mn2 0.006 0.005 0.005 0.005 0.004 0.005 0.004 0.005 0.004 0.006 0.006 0.006 
0.004 0.005 0.005 0.006 
2+ 
 0.471 0.466 0.423 0.434 0.431 0.441 0.414 0.488 0.444 
0.448 0.425 0.432 0.397 0.387 0.448 0.472 
Mg 
0.002 0.001 0.001 0.001 0.000 0.001 0.003 0.006 0.001 0.003 0.001 0.003 0.002 0.001 0.001 0.002 
Ni2 0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0,001 0.001 0.001 0.001 
0.001 0.001 0.002 0.002 
0.002 0.002 0.002 0.002 0.001 0.002 0.008 0.004 0.001 0.002 0.000 0.001 0.003 0.006 0.002 0.002 Na 
K' 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 
0.000 0.000 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Fe/Fe+Mg 	0.519 	0.506 	0.552 	0.532 	0.541 	0.525 	0.549 	0.466 	0.538 	0.536 	0.550 	0.538 	0.571 	0.575 	0.523 	0.504 
Table A.4e continued 
BD 2666 JJG 1414 BD2394 matrix ilmenites 
core rim core rim core rim matrix matrix matrix matrix matrix matrix matrix matrix matrix matrix 
8102 0.02 0.05 0.04 0.09 
0.02 0.03 0.051 0.02 0.03 0.02 0.01 0.00 0.01 0.00 0.01 0.00 
T102 56.74 56.53 57.58 54.29 57.20 53.56 0.006 
0.02 0.01 0.03 0.03 0.03 0.03 0.05 0.03 0.04 
A1203 0.41 0.26 0.80 0.43 0.68 0.35 0.009 
0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 
Cr203 1.62 1.91 2.51 7.12 3.19 7.27 28.079 
28.13 28.96 28.85 28.44 28.90 30.80 29.07 29.04 29.83 
FeO 26.15 27.41 2515 25.14 25.23 25.70 13.168 13.41 12.82 12.66 12.81 12.74 11.76 12.82 12.96 12.40 
MnO 0.30 0.29 0.21 0.24 0.25 0.20 0.236 0.41 0.89 1.14 0.88 0.91 0.23 1.00 0.95 0.84 
MgO 13.65 14.02 15.06 13.92 14.89 13.71 0.033 0.03 0.01 0.03 0.05 0.06 0.01 0.07 0.05 0.04 
CaO 0.04 0.11 0.05 0.03 0.04 0.01 0.265 0.21 0.26 0.29 0.26 0.27 0.32 0.31 0.27 0.25 
NO 0.24 0.20 0.13 0.16 0.10 0.13 
Na20 0.04 0.05 0.06 0.08 0.03 0.04 
54.541 55.43 53.88 54.71 53.73 53.50 52.79 54.17 54.16 53.48 
K20 0.01 0.00 0.00 0.02 0.01 0.00 
3.483 2.44 3.17 2.29 3.06 3.24 3.77 1.87 1.96 2.36 
Total 101.20 100.82 101.58 101.50 101.63 100.99 99.873 100.11 100.05 100.04 99.28 99.65 99.70 99.36 99.44 99.24 
0.001 0.001 0.001 0.002 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
4+ 
 0.947 0.942 0.939 0.858 0.929 0.851 
0.937 0.949 0.924 0.939 0.928 0.921 0.917 0.934 0.933 0.927 
Ti 
3+ 
 0.011 0.007 0.020 0.011 0.017 0.009 0.006 
0.011 0.024 0.031 0.024 0.024 0.006 0.027 0.026 0.023 
Al 
0.058 0.068 0.088 0.241 0.111 0.247 0.063 0.044 0.057 0.041 0.056 0.059 0.069 0.034 0.036 0.043 
Fe (total) 0.522 0.508 0.456 0.442 0.456 0.454 0.537 0.535 0.552 0.550 0.546 0.553 0.595 0.558 0.556 0.575 
Mn2 0.006 0.005 0.004 0.004 0.005 0.003 0.005 
0.004 0.005 0.006 0.005 0.005 0.006 0.006 0.005 0.005 
2+ 
 0.452 0.463 0.487 0.436 0.479 0.432 0.448 
0.455 0.436 0.431 0.439 0.435 0.405 0.438 0.442 0.426 Mg 
2+ 
 0.001 0.003 0.001 0.001 0.001 0.000 0.001 
0,001 0.000 0.001 0.001 0.001 0.000 0.002 0.001 0.001 Ca 
Ni2 0.002 0.002 0.001 0.001 0.001 0.001 
0.002 0.002 0.003 0.003 0.001 0.002 0.002 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 NC 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 K' 
Total 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Fe/Fe+Mg 0.536 0.523 0.484 0.503 0.487 0.513 0.545 0.541 0.559 0.561 0.555 0.560 0.595 0.560 0.557 0.574 
Table A.4f Polymict peridotite cIinopyroxeneOrthOPYrOXefle intergrowth wt%; no of ions in formula to 4 cations (all Fe as FeO)(m = margin, i = interior grain) 
	
JJG 513 opx in intergrowth 	 XM2 opx in intergrowth 	
JJG 513 cpx 	XM2 cpx 
core (m) rim (m) core (i) 	rim (I) core (i) 	
rim (I) core (i) rim (i) core (m) rim (m) 	 core 	rim 	
core 	 rim 
si02 	56.32 	56.48 	
56.44 	56.19 	55.40 	56.64 	54.65 	55.78 	55.43 	
54.83 	 54.59 	54.27 	54.90 	
54.33 
Ti02 	0.28 	0.30 	
0.24 	0.27 	0.25 	0.31 	0.40 	0.27 0.31 	
0.34 0.24 	0.25 	0.41 	 0.58 
A1203 	0.91 	0.93 	
0.81 	0.57 	1.01 	0.59 	2.72 	1.57 	2.27 	
3.30 	 0.85 	0.86 	2.23 	 2.86 
Cr2O3 	0.51 	0.40 	
056 	0.19 	0.86 	0.36 	1.03 	0.73 	0.95 	
1.07 	 0.58 	0.60 	1.51 	 1.94 
FeO 7.45 	7.26 	7.61 	7,24 	7.45 	
7.20 	6.85 	6.51 	6.13 	6.30 	
3.39 	3.54 	3.16 	 3.23 
MnO 	0.17 	0.14 	0.16 	0.12 	
0.15 	0.14 	0.13 	0.15 	0.15 	0.12 	
0.08 	0.06 	0.12 	 0.10 
MgO 	33.25 	33.61 	3289 	34.02 	
32.35 	33.57 	31.92 	32.95 	33.00 	32.56 	
16.46 	16.81 	15.90 	 16.44 
GaO 	0.83 	0.67 	1.02 	0.49 	1.20 	
0.79 	1.25 	1.10 	0.94 	0.74 	
21.92 	21.58 	19.17 	 18.37 
NiO 	 0.06 	0.05 	0.05 	0.06 	
0.05 	0.06 	0.07 	0.10 	0.07 	0.11 
0.03 	0.05 	0.04 	 0.03 
Na20 	0.11 	0.13 	
0.18 	0.08 	0.18 	0.10 	0.29 	0.22 	
0.24 	0.21 	 1.37 	111 	2.34 	
2.16 
0.00 	0.05 	0.01 	0.00 	0.02 	0.00 	
0.01 	0.01 	0.01 	0.02 	 0.01 	
0.02 	0.02 	 0.02 
K20  
Total 	99.88 	100.01 	99.97 	99.22 	
98.92 	99.75 	99.30 	99.39 	99.49 	99.61 	
99.51 	99.23 	99.79 	 100.06 
4+ 1.951 1.955 1.956 1.937 1.963 1.898 
1.934 1.914 1.892 1.960 1.973 
1.964 1.932 
S1 1.951 
0.008 0.006 0.007 0.006 0.008 0.010 0.007 
0.008 0.009 0.007 0.007 0.011 
0.015 
4+ 
 Ti 0.007 
0.023 0.042 0.024 0.111 0.064 0.093 0.134 
0.036 0.037 0.094 0.120 
0.037 0.038 0.033 
0.048 0.020 0.057 0.041 0.053 0.059 
0.034 0.035 0.087 0.111 
Gr3 0.028 0.022 
0.031 0.011 
0.218 0.209 0.199 0.189 0.177 0.182 
0.103 0.108 0.094 0.096 
Fe (total) 0.216 0.210 0.221 0.211 
0.004 0.004 0.004 0.004 0.003 
0.002 0.004 0.003 
Mn2 0.005 0.004 
0.005 0.004 0.004 0.004 
0.890 0.911 0.848 0.872 
2+ 1.717 1.731 1.698 1.765 1.686 1.735 1.653 
1.703 1.699 1.676 
Mg 
0.025 0.038 0.018 0.045 0.029 0.047 0.041 
0.035 0.027 0.852 0.841 0.735 
0.700 
Ca 0.031 
0.001 0.001 0.001 0.001 0.001 0.001 
0.001 0.002 0.000 0.001 0.001 
0.000  
Ni2 0.001 0.001 
0.012 0.005 0.012 0.007 0.019 0.015 0.016 
0.014 0.096 0.085 0.162 0.149 
NC 0.007 0.009 
0.001 0.000 0.001 0.000 0.000 0.000 0.001 
0.001 0.000 0.001 0.001 0.001 
0.000 0.002 
4 4 4 4 
Total 4 4 4 4 4 
4 4 4 4 4 
0.108 0.115 0.107 0.114 0.107 0.107 0.100 
0.094 0.098 0.104 0.106 0.100 
0.099 
Fe/Fe+Mg 0 . 112 
Table A.4f continued 
DB3 cpx 
core rim core rim 
Si02 54.09 53.08 
54.356 53.65 
Ti02 0.39 0.42 
0.422 0.38 
A1203 2.82 2.83 
3.05 1.85 
Cr2O3 1.74 1.72 
1.925 2.34 
FeO 3.02 3.02 3.025 3.63 
MnO 0.13 0.11 0.107 0.11 
MgO 15.75 15.84 15.455 16.21 
CaO 18.57 18.58 18.343 19.21 
NiO 0.04 0.04 0.059 0.04 
Na20 2.44 2.45 
2.635 1.62 
1(20 0.03 
0.02 0.017 0.01 
Total 99.01 98.11 99.394 99.04 




 0.010 0.011 
0.0114 0.010 
A13 0.119 0.121 
0.1286 0.078 
cr3 0.101 0.100 
0.1106 0.136 
Fe (total) 0.091 0.092 0.0905 0.109 
Mn2 0.004 0.003 
0.0032 0.003 
Mg 2+  0.844 0.856 
0.8241 0.871 
Ca 2+  0.715 0.721 
01029 0.742 
NI 2+  0.001 0.001 
0.0008 0.001 
NC 0.170 0.172 
0.1827 0.113 
0.001 0.001 0.0008 0.001 
Total 4 4 4 4 
Fe/Fe+Mg 	0.108 	0.107 	0.110 	0.125 
Table A.5a LBM 32 clinopyroxene wt% oxides and no of ions in formula to 4 cations 
(all Fe as FeO) 
core rim rim core rim core rim 
core rim core rim core 
S102 53.89 54.34 5411 54.14 54.03 
53.95 54.14 53.96 54.90 53755 53.68 53.83 
Ti02 0.45 0.43 0.45 0.43 0.42 
0.46 0.44 0.43 0.46 0.43 0.45 0.44 
A1 203 3.35 3.41 3.37 3.38 3.34 
3.36 136 3.37 3.44 3.34 3.35 3.35 
2.06 1.97 2.14 1.96 2.09 2.10 2.07 
2.11 2.10 2.05 2.17 2.09 
FeO 3.25 126 3.25 3.31 3.27 
3.27 3.36 3.31 3.37 3.23 3.27 3.22 
MnO 0.07 0.10 0.10 0.10 0.10 
0.12 0.10 0.06 0.08 0.10 0.12 0.09 
MgO 14.98 1493 15.00 15.13 14.67 
14.84 15.00 14.94 15.31 14.97 14.88 14.77 
CaO 17.82 1771 17.79 17.75 17.51 
17.60 17.65 17.68 17.34 17.58 17.56 17.64 
NiO 0.07 0.07 0.07 0.06 0.06 
0.06 0.08 0.06 0.03 0.04 0.01 0.03 
Na20 3.12 3.15 3.10 3.08 3.11 
3.09 3.10 3.07 3.08 3.13 3.11 3.03 
K20 0.02 0.01 0.03 0.02 0.02 
0.00 0.08 0.01 0.06 0.01 0.01 0.01 
Total 99.07 9938 99.40 99.35 98.82 
96.85 99.37 99.03 100.16 98.42 98.62 98.47 
Oxygens 6 6 6 6 6 6 
6 6 6 6 6 6 
S1' 1.928 1.940 1.930 1.933 1.939 
1.936 1.932 1.932 1.943 1.928 1.928 1.939 
Ti4' 0.012 0.012 0.012 0.011 0.011 
0.012 0.012 0.012 0.012 0.012 0.012 0.012 
A13 0.141 0.144 0.142 0.142 0.141 
0.142 0.141 0.142 0.143 0.142 0.142 0.142 
Cr3' 0.119 0.113 0.123 0.112 0.120 
0121 0.119 0.122 0.120 0.118 0.126 0.121 
Fe (total) 0.097 0.097 0.097 0.099 0.098 0.098 
0.100 0.099 0.100 0.097 0.098 0.097 
Mn2' 0.002 0.003 0.003 0.003 0.003 
0.004 0.003 0.002 0.002 0.003 0.004 0.003 
Mg 21 0.799 0.795 0.798 0.805 0.795 
0.794 0.798 0.797 0.808 0.803 0.797 0.793 
Ca2  0.683 0.677 0.680 0.679 0.673 
0.677 0.675 0.678 0.657 0.678 0.676 0.681 
Ni2' 	- 0.001 0.001 0.001 0.001 0.001 
0.001 0.001 0.001 0.000 0.001 0.000 0.000 
Na' 0.216 0.218 0.214 0.213 0.217 
0.215 0.215 0.213 0.211 0.218 0.217 0.212 
K' 0.001 0.000 0.001 0.001 0.001 
0.000 0.003 0.001 0.003 0.000 0.000 0.000 
Total 4 4 4 4 4 
4 4 4 4 4 4 4 
Pp.JFe+Ma 0.109 0.109 0.108 0.109 0.110 0.109 0,112 
0.111 0.110 0.108 0.110 0.109 
Table A.5b LBM 32 orthopyroxene M% oxides and no of ions in formula to 4 cations (all Fe as 
FeO) 
core rim rim core rim core rim 
core rim core core rim 
Si02 5670 56.61 56.53 56.66 56.74 
56.61 56.98 56.76 56.62 56.64 56.90 56.69 
TiC2 018 0.16 0.16 0.20 0.17 0.24 
0.19 0.18 0.19 0.17 0,16 0.17 
A1203 0.87 0.91 0.90 1.05 0.89 
0.92 0.90 0.89 0.90 0.96 0.91 0.89 
Cr203 0.26 0.32 0.28 0.43 0.27 0.30 
0.29 0.32 0.34 0.33 0.31 0.36 
FeO 6.20 6.17 6.16 5.93 6.18 
6.33 6.24 6.19 6.20 6.08 6.20 6.27 
MnO 0.11 0.13 0.13 0.16 0.14 
0.15 0.14 0.13 0.13 0.13 0.12 0.15 
MgO 34.57 34.66 34.59 33.02 34.29 
34.33 34.37 34.34 34.42 33.53 34.55 34.38 
CaO 0.43 0.44 0.51 1.85 0.46 0.52 
0.44 0.47 0.46 0.98 0.46 0.44 
NiO 0.08 0.11 0.09 0.12 0.09 0.10 
0.08 0.10 0.07 0.09 0.10 0.08 
Na2O 0.18 0.17 0.15 0.34 0.16 
0.19 0.18 0.18 0.17 0.32 0.18 0.17 
1(20 0.01 0.00 0.01 0.01 0.02 
0.02 0.01 0.01 0.01 0.00 0.00 0.02 
Total 99.58 99.68 99.48 99.77 99.41 99.68 
99.81 99.56 99.48 99.22 99.88 99.60 
Oxygens 6 6 6 6 6 8 
6 6 6 6 6 6 
Si4 1.956 1.951 1.952 1.958 1.963 
1.953 1.963 1.960 1.955 1.965 1.958 1.957 
Ti4 0.005 0.004 0.004 0.005 0.004 
0.006 0.005 0.005 0.005 0.004 0.004 0.004 
0.035 0.037 0.036 0.043 0.036 0.037 0.036 
0.036 0.036 0.039 0.037 0.036 
Cr 0.014 0.018 0.016 0.024 0.015 
0.016 0.016 0.018 0.019 0.018 0.017 0.020 
Fe (total) 0.179 0.178 0.178 0.171 0.179 0.183 
0.180 0.179 0.179 0.176 0.178 0.181 
Mn2 0.003 0.004 0.004 0.005 0.004 0.004 
0.004 0.004 0.004 0.004 0.003 0.004 
Mg 2-  1.778 1.780 1.780 1.701 1.768 
1.766 1.766 1.768 1.772 1.734 1.772 1.769 
Ca'  0.016 0.016 0.019 0.069 0.017 
0.019 0.016 0.017 0.017 0.036 0.017 0.016 
Ni2 0.001 0.002 0.001 0.002 0.001 0.001 
0.001 0.001 0.001 0.001 0.001 0.005 
Na 0.012 0.011 0.010 0.023 0.010 
0.013 0.012 0.012 0.011 0.022 0.012 0.007 
C 0.000 0.000 0.000 0.000 0.001 0.001 
0.000 0.001 0.000 0.000 0.000 0.000 
Total 4 4 4 4 4 4 
4 4 4 4 4 4 
Fe/Fe+Mg 0.091 0.091 0.091 0.092 0.092 0.094 0.092 
0.092 0.092 0.092 0.091 0.093 
Table A.5c LBM 32 phlogopite we/6 oxides and no of ions in formula to 16 
cations (all Fe as FeO) 
core core core core core rim rim 
core rim core rim cores 
SiO2 40.41 40.95 40.45 36.32 40.32 41.09 
40.59 40.68 40.47 40.46 40.59 40.66 
Tb2 1.40 1.43 1.38 4.35 1.46 1.81 
1.38 1.39 1.44 1.39 1.34 1.44 
A1203 12.92 13.08 13.05 15.50 12.92 
13.59 13.01 12.64 12.95 12.73 12.58 13.11 
Cr203 0.70 0.74 0.67 1.70 0.71 0.72 
0.71 0.71 0.68 0.71 0.68 0.67 
FeO 3.86 3.69 3.90 4.21 4.08 4.40 
4.15 3.90 4.11 3.85 3.86 4.02 
MnO 0.03 0.03 0.03 0.02 0.03 0.04 
0.05 0.03 0.04 0.04 0.00 0.03 
MgO 24.18 24.28 24.13 21.62 24.02 24.00 24.45 
24.47 24.07 24.45 23.96 24.37 
CaO 0.05 0.01 0,03 0.06 0.05 0.03 
0.07 0.02 0.02 0.02 0.50 0.01 
NiO 0.22 0.22 0.23 0.16 0.15 0.20 
0.16 0.16 0.16 0.19 0.15 0.16 
Na20 0.20 0.20 0.17 0.45 0.20 0,33 
0.23 0.33 0.46 0.27 0.32 0.39 
1(20 9.41 9.50 8,98 9.22 9.09 8.79 
9.11 9.56 9.35 9.60 9.44 9.61 
Total 93.38 94.33 93.02 95.61 93.02 94.99 
93.92 93.88 93.76 93.72 93.41 94.46 
Oxygens 22 22 22 22 22 22 
22 22 22 22 22 22 
8i4 5.897 5.917 5.931 5.955 5.911 5.919 
5.889 5.894 5.878 5.875 5.919 5.857 
Ti4 0.153 0.156 0.153 0.506 0.161 0.196 
0.151 0.151 0.157 0.152 0.147 0.156 
A13' 2.222 2.228 2.256 2.839 2.232 2.308 
2.224 2.159 2.217 2.178 2.162 2.226 
Cr' 0.165 0.171 0.157 0.425 0.168 0.166 0.166 
0.164 0.158 0.165 0.158 0.156 
Fe (total) 0.471 0.470 0.478 0.547 0.500 0.530 
0.503 0.472 0.499 0.468 0.470 0.484 
Mn2' 0.003 0.003 0.003 0.003 0.004 0.005 0.007 
0.003 0.004 0.005 0.000 0.004 
Mg 2. 5.260 5.231 5.276 5.010 5.250 5.153 
5.289 5.285 5.212 5.290 5.209 5.233 
Ca" 0.008 0.002 0.005 0.010 0.007 0.005 
0.010 0.004 0.002 0.002 0.079 0.002 
Ni2' 0.013 0.012 0.013 0.047 0.009 0.011 
0.009 0.009 0.010 0.011 0.009 0.009 
Nat 0.055 0.057 0.047 0.090 0.057 0.091 
0.066 0.093 0.128 0.077 0.090 0.108 
K' 1.752 1.752 1,680 0.566 1.700 1.616 
1.686 1.766 1.733 1.777 1.757 1.765 
Total 16 16 16 16 16 16 
16 16 16 16 16 16 
Fe/Fe+Mg 0.082 0.082 0.083 0.098 0.087 0.093 0.087 
0.082 0.087 0.081 0.083 0.085 
Table A.5c continued 
core rim rim 
S102 40.32 41.09 40.59 
Ti02 1.46 1.81 1.38 
A1203 12.92 1359 13.01 
Cr203 0.71 0.72 0.71 
FeO 4.08 4.40 4.15 
MnO 0.03 0.04 0.05 
MgO 24.02 24.00 24.45 
CaO 0.05 0.03 0.07 
NiO 0.15 0.20 0.16 
Na20 0.20 0.33 0.23 
K20 9.09 8.79 9.11 
Total 93.02 94.99 93.92 
Oxygens 22 22 22 
Si4 5.911 5.919 5.889 
Ti4l 0.161 0.196 0.151 
Al' 2.232 2.308 2.224 
Cr' 0.168 0.166 0.166 
Fe (total) 0.500 0.530 0.503 
Mn 21 0.004 0.005 0.007 
Mg 2+  5.250 5.153 5.289 
Ca 2+ 0.007 0.005 0.010 
Ni2 0.009 0.011 0.009 
Nil 0.057 0.091 0.066 
K 1.700 1.616 1.686 
Total 16 16 16 
Fe/Fe+Mg 	0.087 	0.093 	0.087 
Table A.5d LBM 32 garnet wt% oxides and no of ions in formula to 8 cations (all Fe 
as FeO) 
core core core rim rim core rim 
rim core core rim qore 
9102 41.33 41 06 41.03 41.05 
41.11 41.03 40.66 40.50 40.92 41.09 41.03 40.99 
0.41 0.39 0.39 0,37 0.42 0,42 
0,44 0.51 0.44 0.38 0.40 0.38 
1902 
A1203 20.94 20.21 20.67 20.65 20.23 
20.05 19.93 19.73 19.77 20.28 20.28 20.29 
Cr203 2,75 3.68 3.30 3.25 3.69 
3.75 3.93 3.92 3,95 3.57 3.65 3.51 
FeO 9.29 9.13 9.17 9.03 9.01 
9.30 9.34 9.29 9.33 9.28 9.33 9.23 
MnO 0.35 0.41 0.40 0.41 0.39 
0.40 0.41 0.42 0.39 0.42 0.39 0.41 
MgO 20.10 1910 19.93 1991. 
19.84 19.82 19.71 19.53 19.76 19.91 19.92 
19.77 
CaO 4.56 4.64 4.62 4.52 
4.61 4.58 4,70 4.85 4.64 4.49 4,53 
4.55 
0.01 0.00 0.01 0.01 0.03 0.01 
0.02 0.01 0.02 0.02 0.04 0.02 
NiO 
0.08 0.06 0.09 0.08 0.08 0.10 
0.10 0.08 0.08 0.09 0.07 0.08 
Na20 
0.00 0.02 0.01 0.00 0.01 0.01 
0.02 0.00 0.00 0.00 0.02 0.00 
1(20 
99.30 99.63 99.32 99.43 99.46 99.23 98.83 
99.32 99.53 99.69 99.23 
Total 99.84 
24 24 24 24 24 24 24 
24 24 24 24 24 
Oxygens 
Si4 2.904 2.894 2.883 2.893 
2.691 2.555 2.864 2.867 2.880 2.888 2.879 
2.891 
Ti4 0.022 0.0209 0.021 0.020 
0.022 0.022 0.023 0.027 0.023 0.020 0.021 
0.020 
Ale' 1.735 1.6784 1,711 1.718 
1,677 1.662 1.654 1.646 1.640 1.680 1.677 
1.657 
Cr 0.310 0.4172 0.373 0.369 
0.417 0.424 0.445 0.447 0.450 0.404 0.416 
0.398 
Fe (total) 0.546 0,5382 0.539 0.532 0.530 
0.547 0.550 0.550 0.549 0,545 0.547 0.545 
Mn' 0.023 0.0243 0,024 0.025 0.023 
0.024 0.024 0.025 0.023 0,025 0.023 0.025 
2- 2.106 2.0701 2.088 2.091 2.080 2.078 
2.070 2.060 2.073 2.087 2.084 2.079 
Mg 
21 
 0.343 0.3502 0.348 0.341 0.348 
0.345 0.355 0.368 0.350 0.338 0.340 0.344 
Ca 
Ni2' 0.000 0.0005 0.000 0.000 0.001 
0.000 0.000 0.000 0.001 0.000 0.001 0.001 
Na' 0.011 0.0058 0.013 0.010 0.011 
0.013 0.013 0.011 0.010 0.012 0.010 0.011 
K' 0.000 0.0004 0.001 0.000 
0.001 0.001 0.001 0.000 0,000 0.000 0.002 
0.000 
Total 8 8 8 8 8 
8 8 8 8 8 8 8 
Fe/Fe+Mg 0.206 0.206 0.205 0.203 0.203 
0.208 0.210 0.211 0.209 0.207 0.208 0.208 
Table A.5e L.BM 32 olivine wt% oxides and no of ions in formula to 3 cations (all Fe 
as FeO) 
core rim core rim core rim 
S102 39.69 40.04 40.09 40.09 39.75 40.03 
TiC2 0.02 0.06 0.05 0.05 0.07 0.06 
A1203 0.03 0.04 0.03 0.05 0.03 
0.04 
Cr203 0.04 0.05 0.03 0.03 0,02 0.06 
FeO 10.27 10.49 10.28 10.40 10.38 10.75 
MnO 0.12 0.13 0.13 0.14 0.11 
0.14 
MgO 48.85 48.70 48.74 48.64 48.40 48.00 
CaO 0.03 0.07 0.03 0.06 0.02 0.06 
NiO 0.31 0.33 0.33 0.33 0.30 
0.31 
Na20 0.02 0.01 0.03 0.02 0.01 0.00 
K20 0.00 0.00 0.00 0.00 0.01 
0.00 
Total 99.37 99.90 99.74 99.79 99.10 99.44 
Oxygens 4 4 4 4 4 
4 
S14 0.980 0.985 0.987 0.987 0.986 0.992 
Ti4 0.000 0.001 0,001 0.001 0.001 0.001 
A1 3 0.001 0.001 0.001 0.001 0.001 0.001 
Cr 0.001 0.002 0.001 0.001 0.001 0.002 
Fe (total) 0.212 0.216 0.212 0.214 0.215 0.223 
Mn2 0.003 0.003 0.003 0.003 0.002 0.003 
Mg 2+  1.798 1.787 1.790 1.786 1.789 
1.773 
Ca 21 0.001 0.002 0.001 0.001 0.001 0.001 
Ni2' 0.003 0.003 0.003 0.003 0.003 0.003 
Na 0.001 0.000 0.001 0.001 0.000 0.000 
K' 0.000 0.000 0.000 0.000 0.000 
0.000 
Total 3 3 3 3 3 3 
Fe/Fe+Mg 	0.105 	0.108 	0.106 	0.107 	0.107 	0.112 
JJG2I 15 0P31 from rim to core (wt% and no of ions in formula to 6 0, all Fe as FeO) of Table A.Ba Line traverse 
50.0 60.0 70.0 80.0 100.0 110.0 120.0 140.0 
150.0 160.0 170.0 180.0 
Distance (urn) 0.0 10.0 20.0 30.0 40.0 
5631 55.82 55.73 55.76 55.90 55.79 55.68 
55.72 5581 55.58 5&31 55.45 57.02 57.32 57.09 57.26 57.14 
Si02 
0.25 0.30 0.33 0.32 0.31 0.30 0.30 
0.30 0.28 0.27 0.28 0.26 0.05 0.03 0.04 0.04 
0.04 
Ti02 
0.61 0.86 0.93 1.07 0.97 0.99 0.91 0.88 
0.95 1.85 2.02 1.89 0.85 0.79 0.81 0.81 0.81 
A1203 
038 0.54 0.56 0.70 0.69 0.70 0.63 0.72 
0.87 0.45 0.70 1.05 1.00 1.02 1.01 1.02 0.99 
c03 
7.33 7.38 7.34 7.40 7.42 7.45 7.47 7.49 
7.18 6.92 7.00 7.09 4.78 4.25 4.18 4.23 4.30 
FeO 
0.15 0.12 016 013 0.13 0.13 0.14 
0.13 0.16 0.14 0.12 0.13 0.11 0.08 0.11 0.10 
0.10 
MnO 
3418 3389 3360 33.63 33.82 33.98 33.70 
34.03 33.91 33.94 33.55 33.20 35.26 35.97 35.90 36.00 
35.86 
MgO 
0.45 0.47 0.49 0.47 0.47 0.45 0.46 
0.53 0.48 0.40 0.50 0.65 0.49 0.44 0.42 0.43 
0.42 
CaO 
0.02 0.03 0.04 0.06 0.05 0.06 0.05 0.03 
0.05 0.08 0.06 0.06 0.04 0.09 0.05 0.06 0.05 
NiO 
0.07 0.05 006 0.09 0.08 0.07 0.08 0.08 
0.07 0.13 0.16 0.18 0.29 0.23 0.23 0.24 0.22 
Na20 
0.00 0.01 0.01 0.01 0.00 0.00 0.02 
0.02 0.01 0.01 0.02 0.00 0.03 0.01 0.00 0.00 
0.01 
K20 
99.47 9946 99.82 99.85 99.93 99.43 99.93 
99.75 99.76 99.72 99.96 99.91 100.22 99.82 100.20 99.96 
Total 99.72 
1.936 1.933 1.926 1.931 1.925 1.932 1.921 
1.926 1.916 1.909 1.909 1.942 1.941 1.940 1.939 1.940 2- 
Si 1.948 
0.008 0.008 0.008 0.008 0.008 0.007 0.007 




0.007 0,008 0.009 
0.037 0.036 0.039 0.075 0.082 0.077 0.034 0.031 
0.032 0.032 0.032 
3+ 
 0.025 0.035 
0.038 0.044 0.039 0.040 
Al 
0.021 0.030 0.031 0.039 0.038 0.039 0.035 
0.040 0.048 0.025 0.039 0.056 0.055 0.056 0.055 0.055 
0.054 
Cr 
0.214 0.213 0.214 0.214 0.215 0.217 0.216 
0.207 0.200 0.202 0.204 0.136 0.120 0.119 0.120 0.122 
Fe (total) 0.212 
0.004 0.004 0.004 0.004 0.004 0.005 0.004 
0.004 0.004 0.003 0.002 0.003 0.003 0.003 
Mn2 0.005 0.004 
0.005 
1.762 1.752 1.748 1.742 1.742 1.748 1.743 1.749 
1.745 1.746 1.726 1.704 1.790 1.816 1.818 1.817 1.815 
2+ 0.017 0.017 0.018 0.017 0.017 0.017 0.017 0.020 
0.016 0.015 0.019 0.024 0.018 0.016 0.015 0.016 0.015 r 
0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.001 
0.001 0,001 0.001 0.000 0.001 0.001 0.001 0.001 
Ni2 0.000 
0.004 0.004 0.006 0.005 0.005 0.005 0.005 0.005 
0.009 0.011 0.012 0.019 0.015 0.015 0.015 0.015 
Na' 0.005 
0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 
K' 0.000 
4 4 4 4 4 4 4 4 4 
Total 4 4 4 4 4 
4 4 4 
0.109 0.109 0.109 0.110 0.110 0.111 0.110 
0.106 0.103 0.105 0.107 0.071 0.062 0.061 0.062 0.063 
Fe/Fe+Mg 0.107 
Table A.Ba continued 
Distance (pm) 190.0 200.0 210.0 220.0 230.0 
240.0 250.0 260.0 270.0 280.0 
Si02 57.22 57.28 57.24 57.19 57.28 
57.14 57.29 57.40 57.25 57.25 
T102 0.05 0.03 0.03 0.05 0.05 
0.05 0.04 0.04 0.05 0.05 
A1203 0.79 0.81 0.81 0.80 0.82 
0.81 0.81 0.80 0.79 0.80 
Cr203 0.99 1.03 1.02 1.01 1.00 
1.09 1.05 0.99 0.95 0.99 
FeO 4.19 4.23 4.26 4.31 4.28 
4.25 4.28 4.21 4.26 4.20 
MnO 0.09 0.10 0.09 0.12 0.09 
0.10 0.09 0.10 0.11 0.12 
MgO 35.98 35.95 36.07 36.07 35.95 
36.02 35.94 35.98 36.00 35.91 
CaO 0.42 0.40 0.43 0.44 0.43 
0.44 0.42 0.43 0.45 0.41 
NO 0.04 0.05 0.05 0.05 0.03 
0.04 0.05 0.05 0.05 0.05 
Na20 0.22 0.25 0.22 0.21 0.21 
0.23 0.21 0.23 0.21 0,22 
1(20 0.01 0.01 0.01 0.01 
0.02 0.01 0.01 0.07 0.01 0.00 
Total 99.99 100.15 100.22 100.26 100.15 
100.18 100.20 100.31 100.11 100.01 
1.941 1.940 1,937 1.936 1.941 1.934 1.941 
1.942 1,941 1.943 
Ti4 0.001 0.001 0.001 0.001 
0.001 0.001 0.001 0.001 0.001 0.001 
A13' 0,032 0.032 0.032 0.032 0.033 
0.032 0.032 0.032 0.031 0.032 
Cr3 0.054 0.056 0.055 0.055 
0.054 0.059 0.057 0.054 0.052 0.054 
Fe (total) 0.119 0.120 0.121 0.122 0.121 0.120 
0.121 0.119 0.121 0.119 
Mn2 0.003 0.003 0.002 0.003 0.003 
0.003 0.003 0.003 0.003 0.003 
Mg 
2- 
 1.820 1.815 1.820 1.820 
1.816 1.818 1.815 1.815 1.820 1.817 
Ca 21  0.015 0.015 0.015 0.016 0.016 
0.016 0.015 0.016 0.016 0.015 
Ni" 0.001 0.001 0.001 0.001 0.000 
0.001 0.001 0.001 0.001 0.001 
Na 0.014 0.017 0.015 0.014 0.014 
0.015 0.014 0.015 0.014 0,015 
0.000 0.000 0.000 0.000 0.001 0.000 0.000 
0.003 0.000 0.000 
Total 4 4 4 4 4 
4 4 4 4 4 
Fe/Fe+Mg 0.061 0.062 0.062 0.063 0.063 0.062 
0.063 0.062 0.062 0.062 
Table A.Gb Line traverse ol 
Distance (pm) 	0.0 
$102 	 57.16 
Ti02 	 0.04 
A1203 	 0.79 
0r203 	 1.01 
FeO 	 4.25 
MnO 0.09 
MgO 	 36.01 
CaO 0.44 
NiO 	 0.06 
Na20 0.23 
IQO 	 0.02 
Total 100.09 











































and no of ions in formula to 
41.3 	49.6 	66.1 
54.15 	5419 	54.58 
0.34 0.31 0.34 
2.99 	2.92 	2.83 
2.00 2.00 2.06 
7.38 	7.27 	7.18 
0.13 0.15 	0.14 
32.44 	32.48 	32.37 
0.79 	0.77 0.82 
0.07 0.06 	0.03 
0.23 	0.24 0.23 
0.01 0.01 	0.01 





































































124.0 	132.3 	140.5 
55.07 	55.47 	56.07 
0.26 	0.24 0.1€ 
2.06 1.68 	1.22 
2.47 	2.02 1.42 
7.13 	6.85 	5.52 
0.13 0.15 0.11 
32.30 	32.48 	34.4 
1.28 1.20 0.8€ 
0.07 	0.06 	0.07 
0.34 0.29 0.2C 
0.01 	0.12 	0CC 
101.10 	100.56 	100.11 
1.554 1.852 1.856 1.850 1.852 1.863 1.857 
1.831 1.837 1.867 1.865 1,861 1.868 1.894 1.910 
1.938 1.855 
0.009 0.009 0.005 0.009 0.008 0.007 0.007 
0.007 0.007 0.007 0.007 0.006 0.004 
Ti4 0.001 0.009 0 009 0.009 
0.111 0.106 0.088 0.096 0.092 0,091 0.082 0.068 0.049 
Al 0.032 0123 0123 0.125 
0.122 0.120 0.117 0.114 
0.098 0.100 0.102 0.105 0.110 0.110 0.113 
0.117 0.129 0.120 0.124 0.129 0.131 0.135 0.111 0.078 
CO, 0.055 
0.206 0.211 0.208 0.205 0.207 0.206 0.203 
0.207 0.207 0.205 0.202 0.196 0.158 
Fe (total) 0.121 0.208 0.210 0.209 
0.004 0.004 0.004 0.005 0.004 0.004 0.004 0.004 
0.004 0.003 
Mn2' 0.003 0.004 0.004 0.003 
0.003 0.004 0.004 
1.685 1.640 1.636 1.635 1.633 1.653 1.752 
2- 1.819 1.661 1.660 1.658 1.654 1.652 1.655 
1.647 1.647 1.662 
Mg 
0.026 0.026 0.027 0.029 0.028 0.030 0.032 
0.034 0.037 0.036 0.039 0.041 0.046 0.044 0.031 
Ca2 0.016 0.026 
0.001 0.001 0.001 0.001 0.000 0.001 0.001 
0.001 0.000 0.000 0.001 0.001 0.001 0.001 
Ni2' 0.001 0.001 0.001 
0.015 0.016 0.015 0.016 0.019 0.017 0.018 
0.021 0.023 0.022 0.019 0.013 
Na' 0.015 0.015 0.014 0.014 0.015 
0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.005 0.000 
K' 0.001 0.000 0.000 0.000 
0.001 0.000 0.000 
4 4 ,4 4 4 4 4 
4 4 4 4 4 4 4 4 4 4 
Total 
0.111 0.112 0.112 0.112 0.113 0.112 0.111 0.112 
0.110 0.108 0.112 0.112 0.111 0.110 0.106 0.083 
Fe/Fe+Mg 0.062 
Table A.6b continued 
Distance (pm) 148.8 157.1 165.3 173.6 181.9 190.1 
198.4 206.1 214.9 223.2 231.5 239.1 248.0 
sici2 57.29 57.22 57.26 57.11 57.21 57.28 57.27 57.25 
57.30 57.18 57.23 57.24 57.27 
Ti02 0.11 0.11 0.09 0.09 0.09 0.11 
0.09 0.09 0.09 0.10 0.08 0.09 0.09 
A1203 0.78 0.80 0.77 0.79 0.79 0.77 
0.81 0.82 0.79 0.80 0.80 0.80 0.80 
Cr203 0.78 0.77 0.74 0.74 0.77 0.75 
0.76 0.84 0.79 0.80 0.70 0.73 0.71 
FeO 4.75 4.71 4.70 4.65 4.71 4.68 
4.68 4.67 4.60 4.69 4.64 4.74 4.74 
MnO 0.10 0.12 0.12 0.11 0.14 0.09 
0.12 0.13 0.12 0.13 0.11 0.11 0.14 
MgO 35.78 35.76 35.47 35.58 35.59 35.53 
35.54 35.57 35.70 35.51 35.59 35.51 35.71 
CaO 0.50 0.55 0.52 0,54 0.54 0.53 
0.52 0.54 0.55 0.51 0.54 0.53 0.53 
NiO 0.04 0.03 0.03 0.05 0.07 0.07 
0.06 0.03 0.06 0.04 0.06 0.04 0.06 
Na20 017 0.20 0.18 0.21 0.21 0.21 
0.20 0.21 0.20 0.19 0.22 0.20 0.21 
K20 0.01 0.00 0.02 0.01 0.00 0.01 
0.00 0.01 0.00 0.00 0.00 0.01 0.00 
Total 100.31 100.26 99.91 99.87 100.12 100.01 
100.03 100.15 100.19 99.93 99.97 99,99 100.26 
Si" 1.945 1.943 1.953 1.947 1.946 1.951 
1.950 1.946 1.947 1.949 1.949 1.950 1.946 
1i4 0.003 0.003 0.002 0.002 0.002 
0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
A13' 0.031 0.032 0.031 0.032 0.032 
0.031 0.032 0.033 0.032 0.032 0.032 0.032 0.032 
Cr' 0.043 0.042 0.041 0.040 0.042 0.041 
0.041 0.046 0.043 0.044 0.039 0,040 0.039 
Fe (total) 0.135 0.134 0.134 0.133 0.134 0.133 0.133 
0.133 0.131 0.134 0.132 0.135 0.135 
Mn2 0.003 0.003 0.004 0.003 0.004 0.003 
0.003 0.004 0.003 0.004 0.003 0.003 0.004 
Mg 21 1.811 1.810 1.803 1.808 1.805 1.804 1.804 
1.802 1,808 1,804 1,807 1.804 1.809 
Ca2 0.018 0.020 0.019 0.020 0.020 0.019 
0.019 0.020 0.020 0.019 0.020 0.019 0.019 
Ni 0.000 0.000 0.000 0.001 0.001 0.001 0.001 
0.000 0,001 0.000 0.001 0.001 0.001 
Na' 0.011 0.013 0.012 0.014 0.014 0.014 
0.013 0,014 0.013 0.012 0.015 0.013 0.014 
IC 0.000 0.000 0.001 0.000 0.000 0.000 
0.000 0,000 0.000 0.000 0.000 0.000 0.000 
Total 4 4 4 4 4 4 
4 4 4 4 4 4 4 
FefFe+Mci 0.069 0.069 0.069 0.068 0.069 0.069 0.069 
0.069 0.067 0.069 0.068 0.070 0.069 
Table A.6c Line traverse of LM 1 0P2 from rim to core (wt% and no of ions in formula to 4 cations, all Fe as FeO) 
Distance (pm) 0.0 10.3 30.8 41.1 51.4 61.6 11.9 82.2 
92.4 102.7 123.2 133.5 143.8 164.3 174.6 184.9 195.1 
Si0 55.47 5572 54.71 55.10 55.45 53.52 55.07 
56.41 56.49 56.59 - 	 56.84 56.92 56.32 56.51 56.68 56.47 56.50 
TiO2 0.25 0.28 024 0.23 0.16 0.25 
0.20 0.17 0.20 0.27 0.27 0.28 0.24 0.21 0.21 0.24 0.22 
A1203 0.65 0.59 0.93 0.81 0.58 0.70 
0.68 0.73 0.76 0.76 0.68 0.61 1.09 0.82 1.01 1.18 0.89 
Cr203 0.76 0.56 1.50 1.35 1.07 1.11 
1.15 1.39 1.28 1.24 0.76 0.82 1.85 1.47 1.77 1.96 1.22 
FeO 7.21 7.36 7.66 7.63 7.69 7.62 
7.72 7.67 7.77 7.63 7.56 7.46 7.56 7.63 7.53 7.50 
7.50 
0.12 0.14 0.15 0.16 0.16 0.16 0.17 0.17 
0.16 0.13 0.16 0.18 0.14 0.18 0.15 0.14 0.14 
MnO 
MgO 32.92 33.46 32.17 32.19 32.64 32.08 
32.55 32.25 32.34 32.68 32.80 33.02 32.04 32.92 32.28 
32.08 32.57 
CaO 0.52 0.52 0.98 0.93 0.83 0.84 0.85 
0.91 0.89 0.82 0.50 0.65 0.92 0.98 0.91 0.93 0.75 
0.03 0.02 0.02 0.02 0.03 0.04 0.03 0.03 
0.02 0.01 0.01 0.03 0.04 0.02 0.01 0.03 0.04 
NO 
007 0.06 0.21 0.15 0.12 0.14 0.14 0.13 
0.13 0.11 0.09 0.11 0.14 0.14 0.16 0.16 0.16 
Na20 
0.01 0.01 0.06 0.01 0.01 0.03 0.01 0.01 
0.00 0.02 0.01 0.02 0.00 0.01 0.01 0.00 0.02 
1(20 
98.61 98.57 98.74 96.80 98.57 99.86 100.04 100.24 
99.68 100.08 100.36 100.89 100.70 100.70 100.00 
Total 98.02 9872 
1 . 954 1.949 1.913 1.930 1.940 1.919 1.929 1.953 1.954 
1.952 1.975 1.967 1.938 1.933 1.942 1.935 1.952 
1I' 0.007 0.007 0.006 0.006 0.004 0.007 
0.005 0.005 0.005 0.007 0.007 0,007 0.006 0.005 0.005 0.006 
0.006 
A13+ 0.027 0.024 0.038 0.034 0.024 0.030 
0.028 0.030 0.031 0.031 0.028 0.025 0.044 0.033 0.041 
0.048 0.036 
Cr 0.043 0.031 0.084 0.076 0.060 0.064 
0.065 0.077 0.071 0.069 0.043 0.045 0.103 0.051 
0.097 0.108 0.068 
0.212 0.215 0.224 0.224 0.225 0.227 0.226 0.222 
0.225 0.220 0.220 0.216 0.218 0.218 0.216 0.215 0.217 
Fe (total) 
Mn2 0.004 0.004 0.004 0.005 0.005 0.005 
0.005 0.005 0.005 0.004 0.005 0.005 0.004 0.005 0.004 0.004 
0.004 
2- 1.728 1.744 1.677 1.681 1.702 1.705 1.700 1.665 
1.667 1.680 1.699 1.702 1.644 1.678 1.649 1.639 1.678 
Mg 
Ca 2+ 0.019 0.019 0.037 0.035 0,031 0.032 0.032 
0.034 0.033 0.030 0.019 0.024 0.034 0.036 0.033 0.034 0.028 
Ni2' 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
Na 0.005 0.004 0.014 0.010 0.008 0.010 0.009 
0.009 0.009 0.007 0.006 0.008 0.009 0.009 0.011 0.011 0.011 
Kt 0.001 0.000 0.003 0.000 0.001 0.001 0.001 
0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001 
Total 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 4 4 
Fp./Fe+Ma 0.109 0.110 0.118 0.117 0.117 0.118 0.117 0.118 
0.119 0.116 0.114 0.112 0.117 0.115 0.116 0.116 0.114 
Table A.6c continued 
Distance (pm) 205.4 215.7 225.9 236.2 246.5 256.8 261.0 
277.3 281.6 297.8 308.1 318.4 328.6 338.9 359.5 369.7 380.0 
IO2 56.39 56.73 57.13 57.02 55.48 
56.87' 55.05 56.82 56.27 56.20 56.24 56.39 56.92 57:05 56.49 56.15 
56.61 
Ti02 0.21 0.24 0.32 0.28 0.26 0.27 
0.46 0.21 0.28 0.33 0.34 0.31 0.27 0.26 0.29 0.24 0.24 
A1203 0.92 0.88 0.75 0.72 0.67 0.82 
0.99 0.79 1.09 1.25 0.65 0.71 0.65 0.66 0.81 1.07 0.85 
Cr203 1.63 1.22 0.69 0.63 0.60 0.73 
0.72 1.07 1.60 1.74 0.56 0.59 0.60 0.51 1.08 2.40 1.01 
FeO 7.41 7.51 7.15 7.34 7.19 7.28 
7.71 7.56 7.62 7.50 7.19 7.38 7.49 7.52 740 7.51 7.42 
MnO 0.17 0.11 0.13 0.14 0.18 0.15 
0.16 0.14 0.14 0.15 0.14 0.14 0.14 0.12 0.16 0.12 0.15 
31.94 32.61 32.90 33.00 32.87 32.85 31.67 32.44 
32.23 32.05 33.11 32.96 32.97 33.00 32.55 31.85 32.72 
MgO 
1.09 0.66 0.87 0.52 0.66 0.50 0.82 0.88 
0.91 0.99 0.47 0.56 0.48 0.48 0.59 0.84 0.44 
CaO 
0.03 0.03 0.02 0.04 0.01 0.01 0.00 0.03 
0.04 0.01 0.02 0.02 0.02 0.04 0.01 0.03 0.02 
NiO 
0.18 0.11 0.12 0.08 0.09 0.07 0.31 0.12 
0.12 0.15 0.08 0.10 0.06 0.08 0.08 0.18 0.08 
Na20 
0.03 0.01 0.04 0.01 0.04 0.01 0.34 0.00 
0.00 0.01 0.01 0.03 0.00 0.02 0.00 0.01 0.02 
K20 
100.12 99.77 98.06 99.56 95.22 100.05 100.30 100.37 
98.81 99.17 99.61 99.73 99.47 100.41 99.56 
Total 99.99 100.11 
Si4 1.948 1.959 1.975 1.978 1.954 
1.977 1.942 1.966 1.939 1.934 1.968 1.967 1.979 1.982 
1.964 1.926 1.966 
0.006 0.006 0.008 0.007 0.007 0.007 0.012 0.005 
0.007 0.008 0.009 0.008 0.007 0.007 0.005 0.006 0.006 
TI' 
3. 0.037 0.036 0.031 0.029 0.028 0.034 0,041 0.032 
0.044 0.051 0.027 0.029 0.027 0.027 0.033 0.043 0.035 
Al 
Cr3 0.091 0.068 0.038 0.035 0.034 0.041 
0.041 0.059 0.088 0.096 0.031 0.033 0.033 0.029 0.061 
0.132 0.057 
0.214 0.217 0.207 0.213 0.212 0.212 0.227 0.219 
0.220 0.216 0.211 0.215 0.218 0.218 0.215 0.216 0,216 
Fe (total) 
Mr? 0.005 0.003 0.004 0.004 0.005 0.004 
0.005 0.004 0.004 0.004 0,004 0.004 0.004 0.003 0.005 
0.004 0.004 
2- 
 1.645 1.679 1.695 1.707 1.726 
1.702 1.665 1.673 1.655 1.644 1.727 1.714 1.709 1.709 
1.687 1.629 1.694 
Mg 
Ca2 0.040 0.024 0.032 0.019 0.025 
0.019 0.031 0.033 0.034 0.036 0.018 0.021 0.018 0.018 
0.022 0.031 0.016 
Ni2t 0.000 0.000 0.000 0.001 0.000 0.000 
0.000 0.000 0,001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
0.000 
Na . 0.012 0.008 0008 0.006 0.006 
0.005 0.021 0.008 0.008 0.010 0.005 0.007 0.004 0.005 0.006 
0.012 0.006 
K' 0.001 0.000 0.002 0.001 0.002 0.000 
0.015 0.000 0.000 0.001 0,000 0.001 0.000 0.001 0.000 0.001 0.001 
Total 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 4 4 4 
Fp/Fp+Mn 0.115 0.114 0.109 0.111 0.109 0.111 0.120 0.116 
0.117 0.116 0.109 0.112 0.113 0.113 0.113 0.117 0.113 
Table A.Bc continued 
Distance (pm) 390.3 400.5 410.8 421.1 431.3 441.6 
451.9 462.2 412.4 482.1 493.0 503.2 513.5 523.8 534.0 
554.6 564.9 
53.65 56.44 56.77 55.97 56.24 56.65 56.94 57.61 
57.64 57.58 57.87 57.93 57.13 57.57 57.63 57.62 58.02 
S102 
040 0.33 0.25 0.25 0.26 0.22 0.18 0.15 0.12 
0.15 0.09 0.10 0.10 0.11 0.16 0.14 0.15 
Ti02 
A1 203 1.03 0.87 0.67 0.78 0.64 0.68 
0.44 0.22 0.21 0.25 0.19 0.15 0.18 0.20 0.19 0.20 
0.21 
Cr203 2.91 1.42 0.93 1.06 0.97 
1.39 0.85 0.31 0.31 0.38 0.26 0.35 0.42 0.34 
0.30 0.34 0.30 
FeO 7.53 7.17 7.37 7.19 7.17 
7.26 7.01 6.61 6.54 6.46 5.92 5.64 5.62 5.60 
5.51 5.47 5.42 
MnO 0.16 0.16 0.16 0.13 0.12 0.15 
0.14 0.13 0.15 0.14 0.12 0.13 0.15 0.16 0.11 0.12 
0.13 
MgO 32.21 3258 32.74 32.24 32.35 32.28 
32.83 33.40 33.64 33.55 33.90 34.19 33.97 33.90 34.34 
34.02 34.38 
CaO 0.84 0.65 0.57 0.82 0.87 
0.70 0.65 0.45 0.47 0.52 0.41 0.38 0.46 0.45 
0.43 0.48 0.49 
0.02 0.02 0.02 0.04 0.04 0.05 0.03 0.03 
0.02 0.01 0.03 0.05 0.01 0.03 0.03 0.02 0.03 
NiO 
0.14 0.12 0.09 0.16 0.10 0,14 0.10 0.06 
0.07 0.08 0.05 0.08 0.16 0.16 0.08 0.05 0.08 
Na20 
0.07 0.02 0.01 0.05 0.03 0.01 0.00 0.01 
0.00 0.02 0.01 0.01 0.01 0.04 0.01 0.02 0.03 
1(20 
99.59 95.68 98.77 99.52 99.18 98.97 99.16 99.14 
98.85 99.03 98.23 98.55 98.79 98.51 99.23 
Total 98.97 99.77 
Si4 1.857 1.952 1.972 1.960 1.969 
1.967 1.984 2.012 2.007 2.005 2.018 2.012 1.998 
2.009 2.005 2.011 2.010 
T14 0.010 0.009 0.007 0.006 0.007 
0.006 0.005 0.004 0.003 0.004 0.002 0.003 0.003 
0.003 0.004 0.004 0.004 
A13 0.042 0.035 0.027 0.032 0.026 
0.028 0.018 0.009 0.008 0.010 0.008 0.007 0.007 
0.008 0.008 0.008 0.009 
Cr3 0.162 0.079 0.052 0.060 0.055 
0.078 0.048 0.017 0.018 0.021 0.015 0.020 0.023 
0.019 0.017 0.019 0.017 
0,218 0.207 0.214 0.211 0.210 0.211 0.204 0.193 
0.190 0.188 0.173 0.164 0.164 0.163 0.160 0.160 0.157 
Fe (total) 
Mn2' 0.005 0.005 0.005 0.004 0.004 
0.005 0.004 0.004 0.004 0.004 0.003 0.004 0.005 0.005 
0.003 0.004 0.004 
Mg 
2+ 
 1.662 1.680 1.695 1,683 1.688 
1.671 1.705 1.739 1.746 1.742 1,762 1.770 1.771 
1.764 1.781 1.770 1.775 
2* 0.031 0.024 0.021 0.031 0.032 0.026 0.024 0.017 
0.017 0.019 0.015 0.014 0.017 0.017 0.016 0.018 0.018 
Ca 
Ni2' 0.000 0.000 0.000 0.000 0.001 
0.001 0,000 0.000 0.000 0.000 0.000 0.001 0.000 
0.000 0.000 0.000 0.000 
Na' 0.010 0.008 0.006 0.011 0.007 0.009 
0.007 0.004 0.005 0.005 0.004 0.005 0.011 0.011 0.005 
0.006 0.006 
0.003 0.001 0.000 0.002 0.001 0.000 0.000 0.001 
0.000 0.001 0.000 0.000 0.001 0.002 0,000 0.001 0.001 
4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 4 
Total 
Fe/Fe+Mq 0.116 0.110 0.112 0.111 0.111 0.112 
0,107 0.100 0.098 0.097 0.089 0.085 0.085 0.085 0.083 0.083 
0.081 
Table AGe continued 
Distance (pm) 575.1 595.7 
S102 57.54 57.79 
Ti02 015 012 
AI203 0.18 0.22 
Cr203 0.29 0.34 
FeO 5.55 5.50 
MnO 0.13 0.15 
MgO 34.22 34.15 
CaO 0.43 0.41 
NiO 0.03 0.03 
Na20 0.07 0.06 
(20 0.02 0.01 
Total 98.61 98.78 
SI44 2.006 2.012 
Ti4 0.004 0.003 
AI 0.008 0.009 
Cr 0.016 0.019 
Fe (total) 0.162 0.160 
Mn2 0.004 0.004 
Mg 2. 1.779 1.773 
Ca 2* 0,016 0.015 
N1 2 0.000 0.000 
Na' 0.004 0,004 
K' 0.001 0.000 
Total 4 4 
Fe/Fe+Mg 	0.083 	0.083 
Table A.6d Line traverse of JJG 513 PHS from rim to core (wt% and no of ions in formula to 16 cations, all Fe as FeO) 
Distance (pm) 0.0 10.3 20.7 31.0 41.3 51.7 72.3 82.6 93.0 
103.3 113.6 124.0 134.3 144.6 155.0 115.6 185.9 
Si02 3969 69.18 39.95 40.06 39.25 38.66 36.40 39.14 
38.78 38.79 38.64 38.15 39.07 39.42 39.65 40.60 40.78 
Ti02 3.92 3.87 3.92 3.92 4.05 3.95 3.98 4.04 
4.00 4.01 3.92 3.84 3.65 3.36 2.96 0.87 0.62 
A1203 13.73 13.63 13.95 13.96 13.79 13.68 
13.52 13.64 13.66 13.69 13.73 13.25 13.05 12.86 12.21 11.22 11.17 
Cr203 1.32 1.19 120 1.17 1.19 1.12 1.20 
1.27 1.26 1.34 1.26 1.22 1.07 0.74 0.42 0.08 0.10 
FeO 4.37 4.49 4.57 4.44 4.49 4.44 4.45 4.52 
4.60 4.69 4.65 4.83 4.85 4.91 4.79 4.78 5.08 
MnO 0.05 0.04 0.04 0.02 0.02 0.05 0.03 
0.05 0.04 0.01 0.02 0.01 0.02 0.04 0.06 0.04 0.03 
MgO 23.33 2343 23.41 23.41 22.51 21.85 22.20 
22.45 22.22 22.22 22,24 21.98 22.64 23.22 23.48 25.28 25.49 
CaO 0.03 0.02 0.02 0.03 0.03 0.05 0.03 0.02 
0.01 0.01 0.02 0.04 0.07 0.01 0.02 0.00 0.01 
NiO 015 0.16 0.16 0.16 0.12 0.16 0.17 0.15 
0.12 013 0.13 0.08 0.14 0.14 0.13 0.10 0.08 
Na2O 0.32 0.30 0.30 0.26 0.28 0.25 0.23 
0.24 0.26 0.25 0.19 0.18 0.22 0.22 0.20 0.12 0.13 
K20 9.49 9.82 9.98 10.04 10.23 10.08 10.10 10.11 
10.14 10.10 10.08 9.94 9.98 10.02 10.12 10.14 10.19 
Total 96.39 96.13 97.50 97.47 95.96 94.28 94.32 95.82 
95.09 95.23 94.88 93.51 94.76 94.94 94.04 93.23 93.66 
S14 5.659 5.598 5.636 5.653 5.634 5.657 5.609 5.630 
5.620 5.613 5.613 5.625 5.683 5.716 5.800 5.931 5.925 
Ti 0.420 0.416 0.416 0.416 0.437 0.435 0.437 
0.437 0.435 0.436 0.429 0.425 0.399 0.366 0.326 0.095 0.067 
Al" 2.307 2.294 2.319 2.321 2.333 2.359 2.328 
2.346 2.333 2.335 2.350 2.303 2.237 2.199 2.104 1.932 1.913 
Cr 0.303 0.272 0.273 0.265 0.274 0.265 0.283 0.293 
0.293 0.311 0.293 0.288 0.251 0.173 0.099 0.020 0.024 
Fe (total) 0.521 0.537 0.540 0,524 0.539 0.543 0.543 0.544 
0.557 0.568 0.565 0.595 0.589 0.596 0.586 0.584 0.617 
Mn2 0.006 0.005 0.005 0.003 0.003 0.006 0.004 0.006 
0.005 0.002 0.002 0.001 0.002 0.005 0.007 0.004 0.003 
Mg2  4.959 4.991 4,922 4.926 4.817 4.767 4.834 
4.814 4.799 4.793 4.816 4.830 4.906 5.021 5.121 5.504 5.522 
Ca 2- 0.005 0.003 0.003 0.004 0.004 0.008 0.004 0.002 
0.002 0.001 0.004 0.007 0.012 0.002 0.004 0.000 0.001 
Ni2 0.008 0.009 0.009 0.009 0.007 0.009 0.010 0.009 
0.007 0.007 0.007 0.005 0.008 0.008 0.008 0.006 0.005 
N? 0.088 0.084 0.082 0.072 0.078 0.070 0.065 0.067 
0.073 0.069 0.053 0.052 0.061 0.060 0.057 0.034 0.035 
1.725 1.790 1.796 1.808 1.873 1.883 1.881 1.854 1.875 1.864 1.868 
1.869 1.851 1.854 1.889 1.889 1.888 
Total 16 16 16 16 16 16 16 16 16 
16 16 16 16 16 16 16 16 
Fe/Fe+Mg 0.095 0,097 0.099 0.096 0.101 0.102 0.101 0.101 0.104 
0.106 0.105 0.110 0.107 0.106 0.103 0.096 0.101 
Table A.6d continued 
Distance (urn) 196.3 206.6 216.9 237.6 247.9 
Si02 40.72 41.07 41.06 40.67 40.92 
1102 0.59 0.57 0.51 0,49 0.55 
A1 203 11.05 10.76 9.90 9.62 10.79 
Cr2O3 0.03 0.08 0.10 0.07 0.09 
FeO 5.30 5.41 5.10 5.70 5.70 
MnO 0.03 0.05 0.06 0.04 0.06 
MgO 25.18 25.27 26.68 26.25 25.22 
CaO 0.00 0.00 0.02 0.03 0.01 
NiO 0.10 0.07 0.05 0.05 0.06 
Na20 0.14 0.10 0.12 0.10 0.10 
K20 10.14 10.26 9.22 9.13 10.17 
Total 93.28 93.62 92.82 92.15 93.66 
S14 5.951 5.983 6.005 6.007 5.962 
Tin' 0.065 0.063 0.056 0.055 0,060 
Al' 1.903 1.847 1.706 1.675 1.852 
Cr 0.007 0.018 0.024 0.016 0.022 
Fe (total) 0.648 0.659 0.623 0.704 0.695 
Mn" 0.003 0.006 0.008 0.005 0.007 
Mg2 5.487 5.487 5.816 5.781 5.478 
Ca2 0.000 0.001 0.004 0.004 0.002 
Ni2' 0.006 0.004 0.003 0.003 0.003 
Na' 0.039 0.027 0.035 0.029 0.028 
K' 1.890 1.906 1.719 1.720 1.890 
Total 16 16 16 16 16 
Fe/Fe+Mg 	0.106 	0.107 	0.097 	0.109 	0.113 
Table A.6e Line traverse of XM2 GT2 from rim to core (wt% and no of ions in formula to 8 cations, all Fe as FeO) 
Distance (pm) 16.0 .32.0 40.0 48.0 56.0 64.0 72.0 80.0 
88.0 - 96.0 104.0 112.0 120.0 128.0 136.0 144.0 168.0 
SiO2 41.92 40.35 40.58 41.01 40.59 40.65 40.71 40.67 
40.37 40.52 40.56 40.50 40.58 40.55 40.40 40.50 40.95 
T12 0.62 1.20 1.14 1.06 1.08 1.15 1.11 
1.12 1.16 1.07 1.07 1.04 1.03 1.00 0.88 0.68 0.38 
A1203 2048 18.85 19.10 19.36 19.06 18.86 18.91 
18.85 18.59 18.76 18.62 18.52 18.44 18.19 17.89 17.91 18.91 
Cr203 3.41 4.14 4.19 4.13 4.06 4.50 4.37 
4.43 4.61 4.61 4.81 4.96 5.10 5.37 5.93 6.11 5.59 
FeO 8.02 8.03 8.02 7.97 8.00 8.00 7.99 
7.92 8.05 7.85 7.97 7.92 7.85 7.89 7.65 7.59 6.75 
MnO 0.35 0.30 0.32 0.28 0.29 0.31 0.32 
0.30 0.30 0.28 0.30 0.30 0.32 0.31 0.30 0.29 0.34 
MgO 1976 19.86 19.95 19.86 20.04 19.79 19.85 
19.78 19.63 19.63 19.58 19.74 19.41 19.44 19.14 18.73 20.21 
CaO 4.66 4.75 4.63 4.77 4.58 4.82 4.81 
4.83 4.91 4.95 5.08 5.12 5.16 5.32 5.61 6.04 4.84 
NiO 0.03 0.03 0.03 0.02 0.03 0.03 0.01 
0.02 0.03 0.00 0.03 0.02 0.02 0.00 0.03 0.03 0.01 
Na20 0.06 009 0.07 0.09 0.09 0.08 0.08 0.08 
0.08 0.11 0.10 0.08 0.07 0.07 0.08 0.09 0.07 
K20 0.02 0.01 0.00 0.01 0.01 0.01 0.00 
0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 
Total 99.32 97.60 98.02 98.58 97.83 98.21 98.15 
97,99 97.71 97.76 98.13 98.20 97.98 98.12 97.91 97.97 98.06 
Si" 5.904 5.766 5.771 5.802 5.783 5.766 5.779 
5.782 5.755 5.767 5.752 5.732 5.759 5,739 5.718 5.729 5.752 
Ti" 0.066 0.128 0.122 0.113 0.115 0.123 
0.119 0.120 0.124 0.114 0.114 0.110 0.110 0.106 0.094 0.072 
0.040 
AP 3.399 3.174 3.201 3.227 3.200 3.154 
3.164 3.158 3.123 3.146 3.111 3.090 3.084 3,035 2.984 2.985 
3.131 
Cr' 0.772 0.952 0.958 0.940 0.930 1,027 0.998 
1.014 1.057 1.054 1.098 1.129 1.164 1.222 1.349 1.390 1.262 
Fe (total) 0.944 0.959 0.954 0.943 0.953 0.949 0.949 
0.941 0.960 0.934 0.945 0.937 0.932 0.933 0.906 0.898 0.793 
Mn2 0.042 0.036 0.038 0.034 0.035 0.037 
0.038 0.037 0.036 0.033 0.036 0.035 0.039 0.037 0.036 0.035 0.040 
Mg2 4.149 4.230 4.229 4.188 4.256 4.186 4.201 
4.192 4.171 4.166 4.140 4.165 4.107 4.102 4.039 3.949 4.233 
Ca2t 0.703 0.727 0.706 0.723 0.699 0.732 0.732 0.735 0.749 0.754 
0.772 0.777 0.784 0.806 0.850 0.915 0.728 
Ni"  0.002 0.002 0.001 0.001 0.002 0.002 0.000 
0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.002 0.002 0.001 
Na 0.017 0.024 0.020 0.025 0.025 0.023 0.021 
0.021 0.022 0.030 0.027 0.021 0.020 0.020 0,021 0.024 0.019 
0.003 0.001 0.000 0.002 0.002 0.001 0.000 0.000 0.001 0.000 
0.002 0.002 0.001 0.000 0.001 0.001 0.002 
Total 16 16 16 16 16 16 16 16 
16 16 16 16 16 16 16 16 16 
FpJFn+Mn 0.185 0.185 0.184 0.184 0.183 0.185 0.184 0.183 0.187 0.183 
0.186 0.184 0.185 0.185 0.183 0.185 0.158 
Table A.6e continued 
Distance (pm) 176.0 184.0 192.0 200.0 208.0 216.0 224.0 
232.0 
S102 41.17 41.02 41.10 41.08 41.26 41.16 
41.18 41.23 
Ti02 0.34 0.33 0.32 0.32 0.31 
0.33 0.31 0.30 
A1 203 19.19 19.28 19.35 19.51 19.46 
19.58 19.65 19.64 
Cr203 5.28 5.17 5.21 5.16 4.85 
4.95 4.83 4.76 
FeO 6.45 6.43 6.46 6.45 6.48 
6.42 6.48 6.48 
MnO 0.34 0.33 0.35 0.35 0.33 
0.32 0.32 0.36 
MgO 20.41 20.48 20.44 20.54 20.64 
20.54 20.57 20.63 
GaO 475 4.75 4.64 4.65 4.64 4.60 
4.58 4.57 
NiO 0.00 0.03 0.02 0.03 0.03 
0.03 0.03 0.03 
Na20 0.08 0.07 0.07 0.08 0.08 
0.08 0.08 0.06 
K20 0.00 0.00 0.00 0.01 0.00 
0.01 0.01 0.01 
Total 98.02 97.86 97.96 96.16 98.07 
96.02 98.03 98.07 
Si4l 5.784 5.771 5.776 5.761 5.800 5.786 5.791 5.798 
Ti"  0.036 0.035 0.034 0.033 0.032 
0.035 0.033 0.032 
A13 3178 3.196 3.205 3.226 3.223 
3.244 3.257 3.255 
Cr3 1.193 1.169 1.178 1.163 1.097 
1.120 1.092 1.078 
Fe (total) 0.758 0.756 0.759 0.757 0.762 0.755 
0.762 0.763 
Mn2 0.040 0.039 0.041 0.041 0.039 0.036 
0.038 0.043 
Mg 2- 4274 4,295 4.283 4.295 4,325 
4,304 4.313 4.325 
Ca2 0.715 0.716 0.699 0.699 0.699 0.693 
0.691 0.689 
N12' 0.000 0.002 0.001 0.001 0.001 0.002 
0.002 0.002 
Na' 0.021 0.020 0.020 0.021 0.021 
0.022 0.020 0.016 
K' 0.001 0.000 0.000 0.001 0.000 0.001 
0.002 0.001 
Total 16 16 16 16 16 16 
16 16 
Fe/Fe+Mg 0.151 0.150 0.151 0.150 0.150 0.149 
0.150 0.150 
Appendix B 	 Ion microprobe analysis 
APPENDIX B: ION MICROPROBE ANALYSIS 
Trace element analysis of the polymict peridotites and selected Matsoku xenoliths was 
performed on the Cameca ims-4f ion microprobe at the Department of Geology and 
Geophysics, University of Edinburgh. One inch round polished sections were coated with a 
10 - 30 nm thick gold coating, which reduces charging. 
Quantitative analysis 
For quantitative trace element analysis, an 0 primary beam with a current of 10 x 10 -9A and 
spot size of 15 - 25 rim was used. The O primary ions are supplied by a duoplasmatron. 
High-energy secondary ions were collected in order to reduce molecular overlaps (Zinner 
and Cozaz, 1986). This was achieved with the use of an energy offset. The magnitude of 
the energy offset was set by determining the negative energy offset (typically approx 25 eV) 
required to reduce the 27A1 or Si mass peak to 90% of its maximum value. An arbitrary 100 
V was added to this value, ensuring that the energy window sampled fell well within the 
range of the high-energy secondary ions. The energy window was ± 19 eV. The mass 
analyser distinguishes the various species by mass/charge ratio. Each REE and trace element 
is counted for a fixed period according to abundance (e.g. 10 seconds for a REE), after which 
the magnetic field switches to the next species. In one cycle each species, from low to heavy 
masses, is counted. 10 cycles of measurement are made for each analysis amounting to 100 
seconds for each isotope. The number of cycles and/or analysis time was increased for 
phases with very low concentrations of trace elements (e.g. olivine). 
Secondary ion counts were corrected for dead-time and background effects before ion yields 
were calculated. Calibrations were primarily made against the synthetic silicate glass 
standard NBS-6 10. This standard is doped with a nominal 500 ppm of each element 
analysed (Hinton, 1990). Natural standards (Dutsen Dushowa garnet of Irving and Frey, 
1978; and Kilbourne Hole clinopyroxene of Irving and Frey, 1984) were used in addition to 
NBS-610 to assess the possibility of matrix effects on relative ion yields. The garnet showed 
no consistent differences in ion yields between garnet and the silicate glass whilst the 
clinopyroxene standard showed consistently higher ion yields. Ion yields of natural 
clinopyroxenes calibrated against the silicate glass standard were multiplied by 0.83 to bring 
them down to the independently-determined concentrations of the standard natural 
clinopyroxene. 
Appendix I? 	 Ion microprobe analysis 
Ion yields for each element in the sample and NBS-610 standard are calculated relative to Si. 
Relative ion yields (RIY) are preferred since they are more reproducible than absolute 
values. The MY are the averages of several standard analyses prior to the analysis of the 
unknown. They are calculated by: 







where cps = counts per second corrected for background, deadtime, interferences and 
isotopic abundance 
cone = the known concentrations 
Assuming the RIY measured for the standard is the same as that measured in the unknown 
and that the matrix effects are insignificant, the concentration of an element (e.g. Y) in the 
unknown can be calculated by: 
CPSmpie 
COflC:ampie =  ( 	S 	/ 
CPS
i 
mple / 	I * RIY 
/COflC: rnpie ) 
Errors and Uncertainties 
Consistent results were obtained from a variety of natural and synthetic standards during this 
study. This is a good indication of the accuracy of these data. An estimate of the counting 





where N is the number of counts collected. Larger errors are incurred when measuring 
smaller concentrations. Calculated errors were ±1% for concentrations above 10 ppm, ±10-
15% for concentrations in the range 1.0-0.1 ppm and -.±50% for concentrations of 0.01 - 
0.005 ppm. Table B. I shows representative absolute errors for each element analysed in 
each mineral phase. 
The detection limit of the ion probe is difficult to quantify as it is dependent on the 
electron multiplier age and type as well as the counting time on each peak. Consequently it is 
rarely calculated and is not quoted in this thesis. 
Appendix B 	 Ion micro probe analysis 
Ion probe analyses of phases in polymict peridotites are displayed in Tables B.2a-f. 
Analyses of phases in Matsoku xenoliths are shown in Tables B.3a-e. 
Table B. I Theoretical precision for trace element analysis by ion microprobe. Errors are absolute 
values. 
opx phiog gil ol cpx 
ppm ± error ppm ± error ppm ± error ppm ± error ppm terror 
Na 1136 1.14 38768 3489 
Cs 3.65 0.153 
Rb 0.157 0.008 449 1.30 0.303 0.007 0.242 0.012 
Li 0.169 0.169 1.06 0.027 0.142 0.007 1.22 0.040 
Sr 1.63 0.179 9.96 0.070 0.215 0.015 0.899 0.056 106 0.414 
Ba 1.03 0.514 323 0.748 0.019 0.005 9.04 2.61 
La 0.155 0.109 0.218 0.021 0.005 0.002 3.10 0.114 
Ce 0.319 0.106 0.285 0.165 0.062 0.008 9.84 0.190 
Pr 0.044 0.025 0.043 0.007 
Nd 0.181 0.181 0.156 0.111 0.529 0.068 0.086 0.060 9.60 0.454 
Sm 0.029 0.017 0.036 0.025 0.611 0.062 2.38 0.201 
Eu 0.012 0.012 0.220 0.015 0.760 0.061 
Gd 1.07 0.062 1.88 0.115 
Tb 0,285 0.014 
Dy 0.030 0.030 2.56 0,102 1.30 0.108 
Ho 0.006 0.006 0.633 0.022 
Er 0.019 0.019 2.31 0.096 0.435 0.060 
Yb 2.48 0.103 0.415 0.065 
Lu 0.003 0.002 0.468 0.024 
V 0.094 0.014 0.065 0.007 13.9 0.064 0.055 0.011 3.66 0.065 
Zr 1.41 0.112 14.9 0.281 46.2 0.205 2.83 0.187 101 0.641 
Nb 0.206 0.073 11.8 0.212 0,011 0.001 0.828 0.087 2.17 0.185 
Ti 664 5.38 9276 13.31 1727 5.67 228 2.58 2301 9.93 
Table B.2a Trace element compositions of orthopyroxenes in polymict peridotites (ppm) 
JJG 2115 ON 	JJG 2115 0P31 DB3 OPI LM I ON LM I 0P2 
core rim core inner rim outer rim core rim core inner rim outer rim core inner rim outer rim 
Na 1274.000 2034.000 1549.000 1542.000 333.900 774.900 644.100 1467.000 717.500 671.900 447.500 593.200 663.900 
Cs 
Rb 0.064 1.043 0.502 bdl bdl 0.034 bdl bdl 0.113 0.134 0.167 0.660 0.215 
Li 
Sr 2.011 14.720 4.908 3.627 0.165 2.829 0.304 0.276 5.090 0.574 0.446 4.789 0.495 
Be 1.186 5.040 3.547 1.635 0.032 2.012 0.035 0.007 1.295 0.296 0.103 1.029 0.121 
La 0.101 0.667 0.582 0.178 0.003 0.328 0.013 0.003 0.386 0.046 0.018 0.981 0.081 
Ce 0.173 1.559 1.184 0.411 0.013 0.640 0.035 0.010 1.106 0.093 0.068 1.934 0.101 
Pr 
Nd 0.120 1.160 0.727 0.227 0.040 0.270 0.062 0.023 0.889 0.088 0.035 0.982 0.076 
Sm 0.052 0.180 0.068 0.108 0.013 0.035 0.007 0.006 0.133 0.038 0.028 0.160 0.012 
Eu 0.012 0.054 0.024 0.012 0.005 0.013 0.012 0.005 0.062 0.006 0.006 0.040 0.004 
Gd 
Tb 
Dy 0.018 0.110 0.070 0.079 0.003 0.037 0.045 0.025 0.094 0.046 0.036 0.029 0.016 
Ho 0.004 0.023 0.009 0.009 0.003 0.011 0.002 0.008 0.023 0.007 0.002 0.010 0.006 
Er 0.033 0.046 0.031 0.056 0.019 0.014 0.026 0.018 0.017 0.059 0.021 0.038 0.018 
Yb 
Lu 0.008 0.013 0.004 0.005 0.001 0.003 0.002 0.004 0.006 0.004 0.005 0.005 0.001 
V 0.065 0.401 0.169 0.320 0.079 0.106 0.108 0.094 0.376 0.145 0.048 0.223 0.093 
Zr 1.054 5.204 3.136 4.099 1.729 3.231 1.991 0.793 7.877 2.202 0.520 4.034 1.857 
Nb 0.117 1.282 0.702 0193 0.012 0.424 0.055 0.003 0.201 0.054 0.069 0.798 0.061 
Ti 147.900 1446.000 197.800 1435.000 1236.000 1018.000 757.500 763.700 1475.000 1230.000 435.000 771.100 1099.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2a continued 
LM I 0P5 JJG 513 0P9 JJG 513 0P2 JiG 2419 OPI BD 2394 OPI 
core inner rim outer rim core 	inner rim outer rim core rim core inner rim outer rim core rim 
Na 1291.000 1679.000 1109.000 951.100 780.100 419.400 1529.000 538.600 1269.000 2280.000 804.000 
Cs 
Rb 0.128 1.850 1.725 0.686 bdl bdl 0.257 0.099 0.114 17.760 0.073 
Li 
Sr 0.313 14.910 5.814 14.880 0.466 0.159 2.775 2.848 2.344 122.900 1.474 0.327 0.629 
Ba 0.018 22.850 1.899 7.847 0.069 0.028 0.565 0.796 1.466 68.010 0.611 0.040 0.042 
La 0.007 1.185 0.980 1.481 0.009 0.005 0.176 0.233 0.141 1.765 0.177 0.003 0.024 
Ce 0.018 2.019 2.090 2.762 0.045 0.009 0.409 0.504 0.282 3.061 0.300 0,028 0.068 
Pr 0.003 0.025 
Nd 0.045 0.817 0.953 1.136 0.042 0.028 0.194 0.174 0.129 1.489 0.180 0.035 0.128 
Sm ' 	 0.014 0.077 0.163 0.183 0.056 0.023 0.039 0.053 0.037 0.204 0.045 0.014 0.074 
Eu 0.008 bdl 0.023 0.022 0.014 0.006 0.010 0.006 0.013 -8.075 0.006 0.017 
Gd 0.017 0.030 
Tb 0.002 0.023 
Dy 0.010 0.085 0.1031 0.093 0.04142 0.03775 0.04127 0.0174 0.01714 0.163 0.043 0.017 0.079 
Ho 0.002 0.014 0.011 0.026 0.007 0.003 0.001 0.004 0.006 0.033 0.007 0.002 0.015 
Er 0.004 0.070 0.024 0.079 0.024 0.012 0.023 0.030 0.032 0.114 0.013 0.011 0.015 
Yb 0.017 0.029 
Lu 0.003 0.013 0.013 0.004 0.005 0.003 0.002 0.008 0.000 0.006 0.006 0.002 0.004 
V 0.067 0.252 0.308 0.248 0.133 0.071 0.096 0.103 0.124 0.560 0.154 0.050 0.260 
Zr 0.622 4.364 11.300 10.900 3.255 1.609 1.504 2.434 1.243 8.263 2.986 0.301 3.831 
Nb 0.028 1.394 0.955 3.098 0.061 0.018 0.382 0.474 0.169 11.540 0.100 0.050 0.077 
Ti 547.900 961.600 1459.000 1208.000 920.200 1275.000 790.500 642.300 752.200 1392.000 1390.000 932.600 2173.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2a continued 
BD 2394 0P2 	 BD 2394 matrix orthopyroxenes 




Sr 0.519 2.550 0.228 0.292 0.562 0.302 
Be 0.077 0.283 0.016 0.021 0.200 0.051 
La 0.005 0.117 0.004 0.009 0.021 0.006 
Ce 0.022 0.154 0.023 0.041 0.070 0.034 
Pr 0.004 0.033 0.004 0.010 0.014 bdl 
Nd 0.109 0.108 0.051 0.084 0.060 0.052 
Sri, 0.015 0.036 0.021 0.041 0.030 0.103 
Eu 0.008 0.011 bdl 0.018 0.018 0.012 
Gd 0.015 0.028 0.059 bdl 
Tb 0.013 0.003 0.004 0.004 0.008 0.006 
Dy 0.007 0.020 0.016 0.044 0.051 0.086 
Ho 0.014 0.005 0.009 0.004 bdl 
Er 0.010 0.027 0.006 0.019 0.012 0.014 
Yb 0.001 0.021 0.010 0.021 0.025 bdl 
Lu 0.003 0.003 0.001 0.002 0.019 
V 0.053 0.086 0.101 0.177 0.130 0.131 
Zr 0.996 2.379 0.883 3.231 3.084 3.400 
Nb 0.121 0.137 0.026 0.036 0.102 0.017 
Ti 233.600 1787.000 
bdl = below detection limit 
blank spaces = not analysed for 
4.754 4.550 4.707 
0.955 0.938 0.939 
0.304 0.566 0.932 
0.053 0.205 0.101 
0.019 0.025 0.085 
0.074 0.057 0.169 
bdl bdl bdl 
0.107 0.014 0.088 
0.024 0.023 0.023 
0.025 0.015 0.010 
bdl bdl bdl 
0.010 0.009 0.006 
0.046 0.046 0.025 
0.004 0.007 0.008 
0.006 0.024 0.045 
bdl bdl bdl 
0.007 0.007 0.010 
0.229 0.111 0.164 
5.392 1.825 2.877 
0.149 0.048 0.032 
Table B.2b Trace element compositions of phiogopites in polymict peridotites (ppm) 
JJG 2115 P113 	JiG 2115 P114 	LM I PH2 	 LM I PHI 	 LM I P113 	 JJG 513PH6' 	 JJG 2419 PH5 
core 	rim 	core 	rim 	core 	rim 	core 	rim 	core 	rim 	core 	rim 	core 	rim 
Na 	1655.000 2489.000 1253.000 2283.000 1166.000 1734.000 	529.700 1265.000 	654.700 1866.000 187900.000 157900.000 	879.200 1506.000 
Cs 7.336 	2.836 	5.452 	2.969 	3.330 	3.335 2.799 	2.677 3.428 	2.620 	3.751 	4.557 2.612 	2.545 
Rb 	584.300 	430.800 	367.700 	435.100 	509.100 	506.900 	365.700 	339.600 	536.400 	518.800 446.300 447.400 	382.900 	361.000 
Li 0.901 1.076 0.688 1.333 1.032 2.010 0.890 1.495 0.753 1.002 	1.079 	0.956 0.835 1.672 
Sr 	9.278 	12.870 	3.981 	12.520 	8.048 	8.002 	1.633 	1.941 	2.617 	37.630 1.775 15.050 	1.964 	4.414 
Be 68.340 	338.100 	386.900 	316.400 	296.800 	296.700 	407.700 	309.500 	103.700 	607.000 	549.500 	458.000 	741.800 	408.600 
La 	0.258 0.073 0.191 0.077 0.075 0.084 0.085 0.119 0.025 1.139 0.100 0.093 0.140 0.171 
Ce 0.467 	0.003 	0.214 	0.020 	0.005 	0.004 	0.006 	0.080 	0.005 	1.852 	0.013 	0.016 	0.005 	0.136 
Pr 	0.064 0.001 0.027 0.001 0.002 0.192 0.003 0.001 
Nd 0.280 	0.009 	0.103 	0.023 	0.000 	0.000 	0.025 	0.073 	0.007 	0.877 	0.007 	0.016 	0.023 	0.062 









Y 	0.073 	0.040 	0.088 	0.063 	0.054 	0.049 	0.020 	0.029 	0.032 	0.168 	0.020 	0.060 	0.013 	0.058 
Zr 7.618 19.670 4.908 20.010 5.612 11.900 2.195 19.890 2.320 18.310 9.675 22.090 2.028 24.230 
Nb 	6.020 	19.120 	5.555 	18.950 	7.838 	8.325 	5.585 	7.373 	4.448 	19.000 	7.751 	14.740 	5127 	11.720 
Ti 2189.000 19640.000 1861.000 20370.000 10400.000 10440.000 2000.000 4033.000 7032.000 20020.000 	2768.000 19910.000 2105.000 2713.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2b continued 
JJG 2419 PH? BD 2394 matrix phlogopites 
core rim matrix matrix matrix 
Na 1470.000 1953.000 
Cs 3.175 3.321 
Rb 416.000 408.100 471.420 363.470 338.610 
Li 1.297 1.162 1.540 1.793 1.587 
Sr 8.566 8.217 29.055 33.326 52.466 
Be 156.200 232.300 790.390 798.770 1291.800 
La 0.165 0.122 0.162 0.175 0.242 
Cc 0.328 0.085 0.004 0.033 0.021 
Pr 0.009 0.008 
Nd 0.210 0.061 0.015 0.032 









V 0.063 0.141 0.061 0.081 0.066 
Zr 12.660 34.670 22.811 30.501 33.470 
Nb 12.430 21.120 18.610 24.166 26.434 
Ti 1794.000 13370.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2c Trace element compositions of garnets in polymict peridotites (ppm) 
LM I GTI JJG 513 GTI XM2 GTI XM2 0T2 BD 2394 GIl (overgrowth) 	BD 2394 (purple core) BD 2394 GT3 (pink) 
core rim core rim rim core core rim core rim core rim core rim 
Na 403.600 566.500 630.600 561.500 169.800 100.200 328.000 1303.000 144.300 149.600 
Cs 
Rb 
Li 0.142 0.196 0.000 0.185 0.058 0.030 0.084 0.225 
Sr 0.215 0.741 0.222 0.216 0.593 0.445 0.275 15.530 0.416 0.365 1.515 0.513 0.344 0.324 
Be 0.019 0.071 0.027 0.023 0.065 0.040 0.012 6.519 0.069 0.131 0.191 0.035 0.037 0.024 
La 0.005 0.092 0.015 0.006 0.039 0.028 0.011 0.682 0.033 0.041 0.082 0.019 0.037 0.026 
Ce 0.062 0.949 0.137 0.137 0.541 0.585 0.171 2.361 0.306 0.318 0.359 0.338 0.306 0.333 
Pr 0.043 0.375 0.066 0.040 0.306 0.315 0.096 0.536 0.162 0.139 0.132 0.167 0.123 0.120 
Nd 0.529 4.625 1.027 1.078 3.377 3.945 1.277 4.144 1.811 1.657 2.341 2.610 1.076 1.056 
Sm 0.611 3.522 0.955 1.018 1.932 1.593 1.053 2.944 1782 1.367 1.205 1.631 0.403 0.428 
Eu 0.220 1.515 0.604 0.610 0.650 0.376 0.487 1.425 0.818 0.632 0.597 0.553 0.212 0.136 
Gd 1.068 7.413 3.177 2.646 1.695 0.814 1.720 5.637 3.871 3.433 1.635 1.178 0.645 0.742 
Tb 0.285 1.696 0.830 0.806 0.285 0.066 0.284 1.183 1.000 0.834 0.306 0.229 0.193 0.142 
Dy 2.564 12.110 6.817 6.999 1.718 0.256 1.465 9.318 7.536 6.827 1.656 1.478 1.214 1.231 
Ho 0.633 2.596 1.732 1.709 0.367 0.046 0.305 1.827 1.693 1.324 0.321 0.264 0.330 0.327 
Er 2.308 7.931 5.698 6.090 0.901 0.079 0.881 5.769 5.331 3.949 0.700 0.757 1.339 1.080 
Yb 2.480 7.231 5.553 6.070 1.152 0.158 1.074 6.125 5.152 3.670 0.680 0.653 1.592 1.626 
Lu 0.466 1.070 0.904 0.989 0.218 0.040 0.226 0.907 0.868 0.530 0.101 0.091 0.245 0.216 
V 13.920 56.740 36.770 37.000 9.221 0151 7.007 44.970 34.890 28.900 6.178 5.741 7.314 7.413 
Zr 46.220 389.100 266.800 194.800 77.250 36.320 63.490 242.800 538.200 342.800 83.000 77.420 9.159 9.246 
Nb 0.011 0.536 0.081 0.071 0.405 0.338 0.151 0.961 0.456 0.251 0.280 0.200 0.277 0.204 
Ti 1727.000 6641.000 3219.000 3002.000 971.200 25.040 1138.000 5172.000 1284.000 1283.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2c Trace element compositions of garnets in polymict peridotites (ppm) 
BD 2394 0T2 (orange) BD 2394 matrix garnets 
core rim matrix matrix matrix matrix matrix matrix matrix matrix 
Na 674.100 672.800 
Cs 
Rb 0.216 0.057 0.032 
Li 0.177 0.236 0.260 
Sr 0.428 0.470 .1.749 3.624 2.113 0.929 0.709 0.631 0.440 0.776 
Ba 0.026 0.045 0.250 1.538 0.939 0.554 0.120 0.127 0.042 0.375 
La 0.007 0.007 0.163 0.607 0.266 0.232 0.067 0.053 0.053 0.100 
Ce 0.091 0.066 0.349 1.341 0.657 0.690 0.367 0.322 0.435 0.406 
Pr 0.043 0.046 0.070 0.210 0.165 0.178 0.118 0.094 0.158 0.135 
Nd 0.452 0.518 0.707 1.231 1.749 2.150 1.367 1.347 2.096 1.446 
Sm 0.712 0.758 0.579 1.222 1.249 1.893 1.317 1.517 1.819 1.545 
Eu 0.384 0.356 0.348 0.518 0.763 0.879 0.754 0.609 0.847 0.888 
Gd 1.654 1.256 1.472 2.224 3.457 3.973 3.070 2.684 3.966 3.698 
Tb 0.354 0.434 0.538 0.595 0.761 0.915 0.717 0.719 0.824 0.906 
Dy 3.157 3.466 4.581 5.194 5.901 6.735 6.422 5.872 7.039 7.461 
Ho 0.850 0.847 1.186 1.144 1,360 1.447 1.435 1.270 1.562 1.522 
Er 2.976 3.030 3.874 3.345 4.137 4.587 4.101 4.101 4.276 4.822 
Yb 3.776 4.203 4.503 2.693 3.172 3.564 3.554 3.632 4.179 4.064 
Lu 0.579 0.653 0.654 0.414 0.430 0.629 0.560 0.402 0.619 
V 19.940 20.180 22.828 21.908 26.267 32.140 28.420 26.530 32.460 31.580 
Zr 11.040 11.470 173.170 267.090 332.300 471.300 351.800 383.600 542.300 498.200 
Nb 0.176 1.025 0.466 0.510 0.316 0.377 0.515 0.380 
Ti 1016.000 1029.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2d Trace element compositions of olivines in polymict peridotites (neo = neoblast) (ppm) 
J,JG21150L3 	 JJG5I3OL2 



















Y 0.018 0.034 0.152 0.013 0.021 0.091 
Zr 0.467 0.643 2.937 0.130 0.278 12.540 
Nb 0.228 0.152 0.060 0.197 0.109 4.223 
Ti 16.180 66.530 1181.000 1.865 21.660 80.260 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2e Trace element compositions of clinopyroxene-orthopyroxene intergrowths in polymict peridotites (ppm) (m = margin, I = interior) 
XM2 opx JJG 2419 opx JIJG 513 opx DB3 cpx XM2 cpx 
core rim core (i) rim (i) core (m) rim (m) core (I) rim (i) core rim core rim 
Na 1504.000 2254.000 1407.000 1176.000 1272.000 744.400 1391.000 540.300 
Cs 
Rb 0.136 bdl bdl 5.351 0.781 bdl 0.109 bdl 0.232 0.120 0.112 0.503 
Li 0.476 1.552 1.134 1.717 
Sr 0.748 1.036 6.971 5.555 4.667 2.114 1.134 0.206 114.300 107.600 110.300 91180 
Be 0.200 0.063 4.502 7.327 2.625 1.575 0.425 0.010 11.800 5.538 3.203 15.610 
La 0.049 0.028 0.468 0.568 0.398 0.195 0.099 0.008 3.464 2.885 2.467 3.574 
Ce 0.099 0.147 0.710 1.273 0.745 0.402 0.240 0.014 10.000 9.704 10,060 9.578 
Pr 1.758 1.601 1.953 1.554 
Nd 0.137 0.152 0.255 0,732 0.381 0.169 0.172 0.030 9.530 9.716 10.940 8.214 
Sm 0.023 0.061 0.051 0.184 0.113 0.047 0.028 0.024 2.691 2.416 2.410 1.985 
Eu 0.012 0,045 0.014 0.019 0.024 0.008 0.025 0.009 0.734 0.735 0.917 0.654 
Gd 1.931 2.016 1.909 1.651 
Tb 0.292 0.227 0.323 0.257 
Dy 0.041 0.085 0.087 0.050 0.073 0.023 0.061 0.040 1.307 1.225 1.405 1.271 
Ho 0.012 0.013 0.012 0.017 0.015 0.000 0.018 0.002 0.214 0.231 0.216 0.235 
Er 0.043 0.030 0.044 0.030 0.032 0.017 0.033 0.011 0.532 0.400 0.356 0.453 
Yb 0.368 0.534 0.444 0.316 
Lu 0.008 0.001 0.010 0.018 0.006 0.005 0.005 0.002 0.011 0,052 0.007 0.028 
Y 0.257 0.362 0.179 0.210 0.218 0.135 0.283 0.074 3.744 3.752 3.892 3.261 
Zr 3.035 2.790 5.610 6.802 9.383 3.885 11.830 2.502 97.280 80.540 84.350 141.000 
Nb 0.088 0.065 0.236 1.559 2.053 0.295 0.619 0.014 2.352 1.084 1.475 3.754 
Ti 1521.000 1268.000 1083.000 1413.000 1393.000 1266.000 1489.000 1237.000 ' 	 2054.000 2534.000 2360.000 2256.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.2f Trace element compositions of data used in comparisons (ppm) 
Monastery megacrysts 	 Clinopyroxenes (Harte, 2000, pers comm) 
R0M249- PH371-17 0P167-11 0P273-31 	 LBM 137 JAG 134 JAG 13 	EIFEL 
Cs 3.872 3.765 
Rb 627.700 648.700 0.063 0.107 0.000 0.000 0.000 
Li 7.051 3.726 0.688 0.444 1.063 
Sr 2.827 2.211 0.066 0.204 141.750 1213.333 147.667 241.976 
Be 165.500 137.200 0.001 0.006 0.085 0.499 0.272 0.031 
La 0.041 0.033 0.021 0.124 4.210 40.267 1.887 18.080 
Ce 0.002 0.008 0.108 0.190 15.050 100.733 7.820 63.500 
Pr 0.000 0.000 
Nd 0.000 0.000 0.251 0.313 12.925 59.867 8.443 36.680 
Sm 0.000 0.022 0.139 1.169 2.760 8.457 2.347 5.034 
Eu 0.311 0.387 0.743 2.123 0.740 1.314 
Gd 
Tb 0.295 0.537 0.272 0.356 
Dy 1.930 0.237 0.964 1.767 1.353 1.878 
Ho 0.138 0.139 0.161 0.297 
Er 0.282 0.305 0.441 0.436 0.375 0.741 
Yb 
Lu 0.017 0.005 0.003 0.098 
V 0.025 0.021 0.140 0.213 3.245 2.873 3.900 10.054 
Zr 3.949 3.632 0.408 0.245 46.425 35.900 58.033 39.580 
Nb 8.755 8.450 0.234 1.517 0.510 2.038 
Ti 3124.000 2486.000 1.057 1.641 
Table B.3a Trace element compositions of clinopyroxenes in Matsoku xenoliths (ppm) 
LBM 22 LBM 22 - LBM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 90 LBM 90 LBM 90 LBM 131Y LBM 131Y 
Na 
Cs 
Rb bdl bdl bdl bdl 0.136 bdl bdl bdl bdl 0.073 bdl bdl 
Li 0.730 1.470 0.783 0.681 0.783 0.552 0.352 0.519 0.496 0.468 0.541 0.547 
Sr 200.720 139.140 194.950 172.150 175.510 169.610 178.120 184.820 181640 210.950 154.730 153.580 
Ba 0.030 0.788 0.075 0.190 0.170 0302 0.268 0.079 0.059 0.233 2.511 0.262 
La 4.037 4.307 3.853 4.120 3.688 3.727 3.392 3.499 3.672 5.375 4.921 4.649 
Ce 17.589 16.133 15.762 17.346 15.830 15.991 15.577 14.276 14.805 20.073 18.055 18.441 
Pr 3.321 3.009 3.057 3.267 3.283 2.989 3.266 2.676 2.839 3.385 3.174 3.441 
Nd 19.894 17.750 18.452 18.931 17.808 18.298 20.674 16.380 17.863 20.246 18.113 19.989 
Sm 4.172 4.183 3.544 5.144 4.399 4.384 5.145 3.681 3.539 3.638 4.177 4.776 
Eu 1.248 1.351 1.355 1.673 1.429 1.261 1.532 1.126 1.343 1.300 1.363 1.498 
Gd 3.568 3.664 2.547 4.873 5.166 3.734 4.600 2.247 2.767 2.537 4.138 3.036 
Tb 0.310 0.458 0.442 0.628 0.664 0.601 0.467 0.383 0.252 0.286 0.385 0.502 
Dy 1.940 2.580 1.787 2.976 2.994 2.630 2.589 
1.159 1.175 1.297 1.931 2.199 
Ho 0.316 0.258 0.265 0.304 0.348 0.312 0.220 0.165 0.150 0.156 0.276 0.306 
Er 0.503 0.528 0.773 0.570 1.091 0.622 0.480 0.421 0.734 0.447 0.700 0.775 
Yb 0.456 0.551 0.486 0.356 0.407 0.188 0.476 0.238 0.314 0.365 0.319 0.626 
Lu 0.026 0.019 bdl 0.058 0.083 0.129 0.049 bdl 0.018 0.010 0.040 0.013 
V 4.453 6.033 4.614 6.160 5.793 5.782 6.049 2.647 3.089 3.133 4.968 4.995 
Zr 118.210 116.320 121.920 146.440 145.090 142.930 141.130 53.834 58.478 57.961 97.102 87.088 
Nb 0.507 2.024 0.400 0.510 0.653 0.521 0.613 0.325 0.428 0.375 5.514 0.327 
Ti 2171.200 3104.000 2232.800 2130.500 2140.100 2145.800 2131.600 1695.500 1792.100 1731.500 1777.700 1713.600 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.3b Trace element compositions of orthopyroxenes in Matsoku xenoliths (ppm) 
LBM 32 	 LEM 131Y 	 LBM 90 
clear 	cloudy 	cloudy 	cloudy 	clear 	clear 	cloudy 	cloudy 
Cs 
Rb 3.615 3.941 3.758 4.310 4.443 4.348 4.644 3.380 3.896 3.574 3.731 
Li 0.025 0.314 0.001 0.661 0.605 0.753 0.527 0.504 0.556 0.552 0.746 
Sr 0.258 0.272 0.258 0.247 3.867 0.458 8.602 0.307 0.303 1.289 18.706 
Be 0.058 0.096 0.051 0.020 0.248 0.116 5.880 0.045 0.016 0.776 1.323 
La 0.005 0.012 0.004 0.008 0.131 0.024 1.110 0.117 0.535 
Ce 0.023 0.065 0.056 0.042 0.373 0.082 1.893 0.040 0.043 0.236 1.763 
Pr 
Nd 0.078 0.049 0.035 0.040 0.607 bdl 1.037 0.030 0.032 0.091 2.323 
Sm 0.031 0.116 0.027 0.016 0.112 0.068 0.118 bdl bdl 0.024 0.227 
Eu bdl 0.011 0.024 0.005 0.060 0.019 0.076 0.014 0.007 0.009 0.106 
Gd 
Tb bdl 0.012 0.004 0.002 0.016 bdl 0.013 bdl bdl 0.006 0.001 
Dy 0.023 0.031 0.022 0.012 0.117 0.074 0.099 0.040 0.065 
0.036 0.187 
Ho 0.005 bdl 0.009 0.003 0.001 0.008 0.021 0.004 0.004 0.004 0.030 
Er 0.025 0.029 0.040 0.012 0.029 0.010 0.028 0.017 bdl bdl 0.136 
Yb 
Lu 0.006 0.004 bdl 0.013 0.010 bdl bdl bdl 0.016 
V 0.096 0.103 0.130 0.102 0.201 0.102 0.240 0.062 0.070 0.071 0.384 
Zr 1.133 1.127 1.334 0.857 16.998 0.950 3.814 0.605 0.663 1.060 14.931 
Nb 0.081 0.004 0.020 0.033 29.147 0.063 0.624 0.059 0.035 0.184 25.581 
Ti 605.620 627.310 634.560 593.700 10553.000 634.790 683.670 682.230 679.000 695.960 7966.300 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.3c Trace element compositions of phlogopites in Matsoku xenoliths (ppm) 
LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 131Y LBM 131Y 
Cs 
Rb 	370.590 	372.270 	384.840 	411.700 	472.470 	417.600 	387.470 
Li 0.573 0.465 	0.152 	0.114 0.284 0.494 0.454 
Sr 	17.017 	15.681 20.355 19.691 	19.536 	20.704 	134.870 
Ba 745.550 	838.790 	947.180 	839.040 	831.060 	932.620 3008.200 
La 	0.186 0.199 0.220 0.188 0.185 0.198 	0.647 
Ce 0.003 	0.018 	0.004 	0.009 	0.013 	0,007 0.047 
Pr 	bdl 	 0.007 0.003 bdl 	bdl 	bdl 	 0.006 
Nd bdl 0.020 	0.025 	0.030 bdl bdl 0.032 









V 	0.037 	0.048 	0.044 	0.045 	0.046 	0.055 	0.203 
Zr 5.520 5.926 5.265 4.855 5.062 6.265 13.703 
Nb 	6.696 	7.036 	7.182 	6.670 	6.846 	6.088 	19.100 
Ti 7709.900 7786.400 6797.100 6757.600 6716.200 7343.900 28221.000 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.3d Trace element compositions of garnets in Matsoku xenoliths (ppm) 
LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 90 LBM 90 
Na 
Cs 
Rb 0.390 bdl 0.303 0.038 0.253 bdl bdl 
Li bdl bdl 0.158 0.142 0.008 0.027 0.116 
Sr 0.373 0.316 0.280 0.285 0.262 0.330 0.294 
Be 0.292 0.013 0.144 0.080 0.084 0.033 0.048 
La 0.049 0.038 0.022 0.010 0.005 0.030 0.016 
Ce 0.380 0.219 0.190 0.222 0.158 0.209 0.192 
Pr 0.116 0.083 0.079 0.105 0.100 0.129 0.087 
Nd 0.990 1.374 1.187 1.099 1.071 1.381 1.204 
Sm 1.101 1.747 1.499 1.197 1.701 1.371 1.344 
Eu 0.783 0.884 0.951 0.691 0.668 0.708 0.811 
Cd 4.638 3.651 4.433 3.186 3.916 3.162 3.196 
Tb 0.671 0.920 1.055 0.948 0.964 0.764 0.697 
Dy 7.571 6.296 8,325 8.095 8.780 5.620 4.634 
Ho 1.449 1.305 2.099 2.224 1.895 1.203 1.235 
Er 4.221 4.196 6.960 6.647 6.458 3.921 4.208 
Yb 3.915 3.674 7,143 6.658 6.018 3.956 4.479 
Lu 0.946 0.501 1.200 1.197 1.196 0.563 0.734 
Y 30.999 29.037 42.341 42.077 41.606 23.266 22.215 
Zr 138.870 139.160 145.120 146.080 136.860 93.945 96.085 
Nb bdl 0.076 0.006 0.105 0.122 0.125 0.053 
Ti 2034.800 2468.800 1805.400 1994.600 1832.500 2165.000 2052.200 
bdl = below detection limit 
blank spaces = not analysed for 
Table B.3e Trace element compositions of olivines in Matsoku xenoliths (ppm) 



















V 0.031 0.027 0.037 0.031 0.024 0.024 0.027 0.022 0.028 0.027 
Zr 0.564 0.654 0.774 0.614 0.673 0.673 0.519 0.568 0.611 0.579 
Nb 0.059 0.029 0.128 0.199 0.247 0.247 0.164 0.234 0.161 0.180 
Ti 156.390 155.790 148.330 149.880 155.760 155.760 166.310 163.470 165.900 165.130 
bdl = below detection limit 
blank spaces = not analysed for 
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APPENDIX C: LASER ICP-MS ANALYSIS 
Laser JCP-MS analysis of the Matsoku and polymict peridotite xenoliths was performed 
using the Perkin Elmer Elan 6000 inductively Coupled Plasma - Mass Spectrometer (Laser 
ICP-MS) at the Department of Geological Sciences, University of Cape Town. The samples 
used were uncoated, polished thin sections cut to 50 microns rather than 30 microns. The 
extra thickness allowed for an increased burning time before the area of mineral being 
analysed was destroyed. This increases the accuracy of the analysis. 
Quantitative Analysis 
Multi element data were acquired using the rapid peak-hopping multi-channel mode of the 
Elan 6000 Laser ICP-MS with three replicates and 100 readings per replicate for a total 
analysis time of 42.84 seconds on each element. Dwell time on each peak was lOms and 
therefore total counting time on each mass peak was 3000 ms (10 ms x 100 readings x 3 
replicates). The laser is a frequency-quadrupled Nd-YAG laser, operating at a pulse 
repetition rate of 5Hz, resulting in an ablation pit approximately 100 psm in diameter. The 
main gas flow in the ICP-MS was approximately 15 L/min, whilst the nebuliser and auxiliary 
gas flows were set at 1 .10 and 0.75 L/min respectively. The vacuum operated under a 
pressure of 2.38 x 10" Tort, and the autolens (set at 48Ti: 5.OV, 88Sr: 5.2V and 174Yb: 6.OV) 
manipulated the ion beam. •Due to the burning time through minerals in polished section, the 
trace elements (Cs, Rb, Li, Sr, Ba, Zr, Nb, Ti) had to be analysed separately from the REE 
(La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Y). Every care was taken to ensure that the two points 
were directly next to each other. The clinopyroxenes were found to have a much shorter 
burning time than the other silicates and as such, the number of readings was reduced to 50 
and the number of replicates to 2. This resulted in total counting times of 1000 ms per mass 
peak and the total analytical time was 14.28 seconds. Background counts for the Ar carrier 
gas were made using the same parameters as the mineral analysis before each sample was 
ablated. NIST 612 and NIST 610 were used as external calibration standards. These glasses 
work well as external calibration standards because they are sufficiently homogeneous for 
the scale of analysis of LAM-ICP-MS. 
Accuracy and Precision 
The results of the trace element analysis using the Elan 6000 Laser ICP-MS facility are 
normalised to the concentration of Si in the mineral analysed. The % error is calculated 
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through a series of steps which are explained as follows using the example of ablating an 
orthopyroxene crystal to obtain the concentration of La: 
final intensity = average intensity La in opx 
average intensity Si in opx 
1' 
net intensity = final intensity - 	
blank intensity La 
I 
average intensity Si) 
deviation = 
standard deviation of intensity La 
average intensity Si 
The concentrations which are equivalent to deviation and net intensity are calculated directly 
If from the calibration curves. The final relative standard deviation is then: 
%RSD =
(_deviation concentration) 100 
net intensity concentration) 
Typical %RSD errors and absolute errors for randomly selected raw Laser ICP-MS analyses 
are presented in Table Cl. 
The lower limits of detection for each element measured using the Elan 6000 Laser ICP-MS 
can be calculated as follows: 
LLD= -? xSblQflk 
In 
where 
LLD = lower limit of detection 
Sbl,,k =  average standard deviation on each element in the blank measurements 
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The factor m is calculated as follows: 
= CPSId CPS blank 
ppm std 
where CPSSId = average counts per second of each element on the standard 
CPSbjank = average counts per second of each element on the blank 
ppmstd = average concentration of the element in the standard 
The lower limits of detection for each element are listed in Table C.2 
Laser ICP-MS analyses of phases in Matsoku xenoliths are displayed in Tables C.3.a-e A 
selection of analyses of phases in polymict peridotites are shown in Table C.4. 
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Table C. I Theoretical precision for trace element analysis by Laser ICP-MS. Errors are given in 
percentage (see text for calculation) and absolute terms. 
LBM90 CPX LBM32 OPX LBM32 PH 
ppm % error * error ppm % error ± error ppm % error ± error 
Cs 0.505 12.990 0,066 0.055 2073.855 1.148 3.615 11.677 0.422 
Rb 0.213 121.078 0.258 0.310 94.995 0.294 540.998 3.943 21.332 
Li 0.425 44.985 0.191 1.836 78.433 1.440 bdl 
Sr 191.535 0.769 1.473 30.648 5.902 1.809 24.961 1396 0.848 
Ba 0.177 3.404 0.006 9.703 14.758 1.432 844.583 0.269 2.272 
La 2.935 4.538 0.133 1.320 15.943 0.210 bdl 
Ce 15.574 4.624 0.720 3.065 25.110 0.769 0.021 62.176 0.013 
Nd 12.985 11.157 1.449 1.516 48.008 0.728 bdl 
Sm 3.067 5.106 0.157 0.443 48.317 0.214 0.179 80.996 0.145 
Eu 1.063 0.493 0.005 0.081 191.259 0.154 bdl 
Gd 1.990 19.807 0.394 0.271 33.500 0.091 bdl 
Dy 0.653 8.583 0.073 0.304 145.679 0.442 0.191 44.447 0.085 
Er 0.212 14.630 0.031 bdl bdl 
Yb 0.112 53.779 0.060 bdl 0.028 515.929 0.144 
Y 2.228 9.597 0.214 0.669 34.800 0.233 0.070 88.162 0.062 
Zr 39.237 5.163 2.026 13.738 8.448 1.161 6.248 19.904 1.244 
Nb 0.198 9.669 0.019 2.406 16.610 0.400 7.506 13.621 1.022 
Ti 1225.579 1.886 23.114 850.067 9.883 84.012 5007.159 7.111 356.059 
LBM22A OT 	 LBM22 CL 
ppm - % error ± error ppm % error ± error 
Cs • 	0.777 32.938 0.256 0.790 32.174 0.254 
Rb 0.259 87.007 0.226 0.381 45.072 0.172 
Li 0.796 100.584 0.801 1.477 58.261 0.860 
Sr 1.872 8.635 0.162 1.204 60.336 0.726 
Ba 0.471 59.226 0.279 0.127 378.995 0.482 
La 0.045 104.487 0.047 bdl 
Ce 0.240 10.117 0.024 0.006 698.561 0.041 
Nd 1.253 10.509 0.132 0.024 630.299 0.149 
Sm 0.822 23.147 0.190 0.046 203.618 0.093 
Eu 0.631 49.575 0.313 bdl 
Gd 2.102 20.644 0.434 bdl 
Dy 5.202 4.470 0.233 0.053 113.052 0.060 
Er 3.709 13.629 0.505 bdl 
Yb 3.458 1,414 0.049 0.040 156.052 0.062 
V 35.808 4.921 1.762 0.130 75.861 0.099 
Zr 129.534 5.480 7.098 0.968 9.191 0.089 
Nb 0.374 67.581 0.253 0.102 67.661 0.069 
Ti 1358.277 3.843 52.199 402.264 5.897 23.721 
bdl = below detection limit 
cone = abundances of trace elements in ppm 
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Table C.3a Trace element compositions of clinopyroxenes in Matsoku xenolths 
LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 90 LBM 90 LBM 90 LBM 90 LBM 90 LBMI3IY LBMI3IY LBMI3IY 
Rb 	0.107 	0.071 	0.174 	0.319 	0.000 	0.096 	0.038 	0.197 	0.213 	0.007 	0.016 	0.073 	0.037 	0.031 	0.025 	0.039 
Ii 1.013 	0.916 	1.070 	0.693 	0.422 0.578 0.481 0.911 0.425 0.532 0.566 0.579 0.480 	0.861 0.492 0.759 
Sr 	300.159 167.630 194.596 216.531 215.909 176.341 184.354 196.927 191.535 200.884 197.087 195.623 243.950 167.198 188.974 223.485 
Ba 0.270 	0.206 	0.396 	12.038 	0.112 	1.616 	0.111 	1.138 	0.177 	0.135 	0.223 	3.550 	0.407 	0.104 	0.091 	0.182 
La 	4.351 3.091 4.111 3.926 3.918 	4.113 3.107 3.221 2.935 3.457 2.821 3.599 4.827 3.817 	2.794 	4.327 
Ce 18.251 	14.602 	17.343 	16.501 	17.244 	17.175 	15.966 	15.790 	15.574 	16.706 	14.761 	16.212 	22.834 	17.017 	14.859 	17.423 
Pr 
Nd 	13.952 	12.605 	17.376 	16.278 	16.032 	15.539 	13.729 	13.665 	12.985 	12.961 	12.309 	12.998 	15.680 	13.800 	12.156 	13,369 
Sm 2.740 3.324 4.209 4.050 4.461 3.762 3.660 3.332 3.067 2.661 2.940 3.296 3.128 3.205 2.826 3.057 
Eu 	1.005 	0.978 	1.475 	1.450 	1.400 	1.253 	1.237 	1.225 	1.063 	0.868 	0.971 	0.992 	0.883 	1.005 	1.021 	0.900 
Gd 2.069 2.216 2.876 3.241 3.178 2.613 2.736 2.559 1.990 1.885 1.922 1.831 1.684 1.824 1,830 1.939 
Tb 
Dy 	1.102 	1.304 	1,968 	1.806 	1.913 	1.507 	1.785 	1.558 	0.653 	0.841 	0.867 	1.009 	0.800 	0.776 	0.917 	1.155 
Ho 
Er 	0.386 	0198 	0.513 	0.388 	0.419 	0.418 	0.486 	0.468 	0.212 	0.166 	0.162 	0.214 	0.227 	0.248 	0.213 	0.212 
Yb 0.106 0.202 0.275 0.287 0.340 0.170 0.230 0.285 0.112 0.085 0.126 0.107 0.094 0,115 0.131 0.214 
Lu 
Y 	3.036 	3.949 	5.615 	6.671 	6.384 	5.047 	' 4.942 	5.632 	2.228 	2.414 	2.409 	2.673 	2.807 	2.958 	2.398 	2.552 
Zr 62.354 	87.034 118.719 124.692 116.655 	96.219 101.428 107.741 	39.237 	38.049 	40.535 	40.628 	41.161 	43.170 	38.896 	39.971 
N 	0.451 0.229 	0.522 	0.955 	0.322 0.366 	0.247 	2.073 0.198 	0.205 0.196 0.527 0.279 0.194 0.211 0.140 
Ti 1306.804 1421.836 1599.068 1765.075 1630.920 1487.799 1495.277 1974.016 1225.579 1218.124 1258.280 1342.134 1277.128 1240.582 1233.315 1243.268 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3b Trace element compositions of orthopyroxenes in Matsoku xenoliths 
LBM22 LBM 22 LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 90 LBM 90 LBM 90 LBM 90 LBM 90 LBMI3IV LBMI31Y 
Rb 0.069 0.196 0.190 0.263 0.310 0.213 bdl bdl bdl bdl bdl bdl 2.422 0.074 0.304 0.780 
Li 1.989 1.039 bdl 1.707 1.836 2.108 1.590 0.833 1.046 2.706 bdl bdl 3.193 1.285 6.226 4.981 
Sr 0.503 0.317 0.735 0.153 30.648 5.279 5.194 4.987 0.697 2.202 0.279 bdl 150.970 19.851 0.414 20.800 
Ba 0.428 bdl 0.282 boll 9.703 0.080 0.318 bdl bdl 0.133 30.143 bdl 26.376 18.002 0.351 3.338 
La bdl 0.090 bdl 0.025 1.320 0.210 0.095 0.202 0.619 0.052 0.360 0.412 1.254 0.552 0.068 1.429 
Ce 0.020 bdl 0.089 0.070 3.065 0.880 0.373 0.582 1.653 2.511 0.938 1.866 2.208 1.904 0.173 3.769 
Pr 
Nd 0.127 0.194 0.181 0.269 1.516 0.868 0.362 0.255 1.201 0.312 0.592 0.951 1.053 1.212 0.071 1.723 
Sm 0.027 0.009 0.132 bdl 0.443 0.438 0.148 0.161 0.259 0.329 0.199 0.358 0.276 0.352 0.235 0.782 
Eu 0.021 0.033 bdl 0.005 0.081 bdl 0.063 0.123 0.228 0.241 bdl 0.046 0.043 0.208 bdl 0.082 
Gd 0.134 boll 0.065 0.234 0.271 bdl 0.316 0.200 0.265 0.267 0.208 0.030 0.166 0.260 bdl 0.403 
Tb 
Dy bdl 0.014 0.233 0.111 0.304 0.534 0.023 bdl bdl 0.053 0.145 0.126 0.165 bdl bdl 0.066 
Ho 
Er 	. 0.034 0.005 bdl bdl bdl 0.012 0.034 bdl bdl 0.003 0.023 0.085 0.163 0.222 bdl 0.171 
Yb 0.125 0.060 bdl 0.058 bdl 0.067 0.141 bdl bdl bdl bdl bdl 0.117 bdl bdl 0.039 
Lu 
V 0.131 0.135 0.070 0.076 0.669 0.373 0.605 0.438 0.129 0.113 bdl bdl 3.581 0.395 bdl 0.714 
Zr 1.601 1.670 0.745 0.690 13.738 4.637 6.241 5.110 1.067 1.280 6.081 4.458 73.445 7.695 0.953 10.097 
Nb 0.084 0.049 0.082 0.086 2.406 0.021 1.369 0.188 0.094 0.079 bdl 0.250 1.018 4.679 0.247 2.761 
Ti 537.269 548.135 488.184 495.936 850.067 518.452 776.758 529.563 477.676 510.988 bdl bdl 1216.795 1508.565 167.453 1182.042 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3b continued 
LBMI3IY LBMI3IY LBMI3IY LBMI3IY 
Rb 0.440 0.343 0.676 0.438 
Li 10.172 bdl bdl 0.386 
Sr 9.981 22.166 26.307 7.335 
Be 30.484 1.599 6.448 4.256 
La 0.336 0.789 1.588 0.386 
Ce 0.682 1.863 1633 1.114 
Pr 
Nd 0.228 1.127 1.987 0.447 
Sm 0.191 0.452 0.513 0.091 
Eu bdl 0.086 0.339 0.135 
Cd 0.251 0.307 0.409 0.303 
Tb 
Dy bdl 0.079 0.277 0.108 
Ho 
Er 0.042 0.141 0.122 0.158 
Yb 0.167 0.157 0.133 0.230 
Lu 
V 0.310 0.826 0.993 0.594 
Zr 3.613 19.751 16.158 3.069 
Nb 1.759 10.260 5.877 1.151 
Ti 564.293 3754.474 2499.210 659.036 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3c Trace element compositions of phlogopites in Matsoku xenoliths 
LBM 22 LBM 22 LBM 22 LBM 22 LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBMI3IV LBMI3IV 
Rb 	455.684 	458.429 	466.154 	450.141 	398.617 	447.727 	540.998 	454.293 	454.120 	534.481 	546.738 	459.377 	530.229 	494.929 
Li 0.251 0.600 0.397 bdl 0.395 bdl bdl 0.264 0.286 0.645 1.800 0.511 0.253 1.429 
Sr 	24.796 	24.361 	32.212 	23.890 	25.827 	21.491 	24.961 	24.887 	27.305 	29.922 	25.379 	27.479 	24.038 	32.918 
Be 	1030.750 	847.582 	1106.230 	990.329 	1074.489 	1023.486 	844.583 	894.437 	910.169 	896.633 	879.771 	876.751 	1089.143 	1053.818 
La 0.011 bdl bdl bdl bdl 0.015 bdl bdl 0.005 0.021 0.004 	0.000 0.006 0.024 
Ce 	bdl 	0.006 	bdl 	0.021 	0.014 	0.066 	0.021 	0.006 	0.045 	0.021 	0.000 bdl 	0,014 	0.012 
Pr 
Nd 	0.020 	0.041 	0.083 	0.067 	0.106 	0.100 	bdl 	bdl 	0.025 	bdl 	0.040 	bdl 	0.016 	0.022 
Sm bdl 0.001 0.075 bdl 0.042 bdl 0.179 	0.026 	0.071 bdl 0.088 0.063 	0.156 0.050 
Eu 	0.001 	bdl 	0.016 	bdl 	0.030 	0.066 	bdl 0.017 0.022 	0.072 	0.063 	0.066 0.035 	0.042 
Gd bdl bdl 0.017 0.066 0.072 0.093 bdl 	0.030 	bdl 0.075 0.121 bdl 	bdl bdl 
Tb 
Dy 	bdl 	0.028 	0.150 	0.048 	0.011 	0.076 	0.191 	0.043 	bdl 	bdl 	bdl 	bdl 	bdl 	bdl 
Ho 
Er 	bdl 	bdl 	0.021 	bdl 	bdl 	bdl 	bdl 	bdl 	bdl 	bdl 	bdl 	bdl 	0.000 	bdl 
Yb bdl bdl 0.092 0.083 0.033 0.065 0.028 bdl bdl bdl bdl bdl 0.008 0.022 
Lu 
V 	0.005 	0.075 	0.047 	0.113 	0.075 	0.053 	0.070 	0.039 	0.191 	0.054 	0.031 	0.040 	0.054 	0.197 
Zr 6.077 6.622 6.962 5.397 5.109 5.204 6.248 	5.056 5.231 5.548 5.477 5.502 4.373 6.727 
Nb 	5.980 	6.570 	6.238 	5.646 	6.517 	6.693 	7.506 7.219 	7.619 	7.385 	7.135 	7.195 	6.126 	7.151 
Ti 	5928.725 	6062.844 	6138.905 	5609.944 	6178.485 	5836.167 	5007.159 	4733.111 	5025.177 	4923.972 	4835.872 	4907.167 	5078.151 	5130.529 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3d Trace element compositions of garnets in Matsoku xenoliths 
LBM 22 LBM 22 LBM 22 LBM 22 LBM 22 LBM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 • LBM 32 LBM 90 LBM 90 LBM 90 
Rb 0.259 0.281 0.243 0.415 0.476 0.391 bdl 0.163 0.161 0.101 bdl 0.134 0.116 bdl 0.161 bdl 
Li 0.796 0.578 0.677 bdl bdl 0.027 0.906 0.504 1.264 bdl 0.336 0.528 1.029 0.882 0.294 1.245 
Sr 1.572 1.822 1.445 0.366 0.332 1.238 0.294 0.168 0.471 1.255 0.330 0.824 0.256 2.761 0.566 0.219 
Ba 0.471 •9.396 4.085 bdl bdl 0.343 0.335 bdl bdl bdl bdl bdl bdl 0.205 0.073 bdl 
La 0.045 0.001 bdl bdl bdl bdl bdl bdl bdl 0.194 0.044 0.048 0.026 0.272 0.070 0.115 
Ce 0.240 0.212 0.140 0.257 0.232 0.169 0.201 0.179 0.147 0.250 0.142 0.252 0.116 0.790 0.229 
0.400 
Pr 
Nd 1.253 0.902 1.051 1.096 1.102 1.037 1.258 1.212 1.439 0.996 1.274 0.968 1.334 1.690 
1.373 1.135 
Sm 0.822 1.083 1.327 0.779 0.874 1.164 1.504 1.250 1.323 1.497 1.606 0.990 1.539 1.545 1.754 1.277 
Eu 0.631 0.620 0.520 0.527 0.625 0.457 0.979 0.506 0.579 0.869 0.710 0.768 1.032 0.718 0.755 
0.637 
Cd 2.102 2.618 2.577 2.510 2.400 2.161 4.508 3.434 3.499 4.208 3.715 3.122 2.753 2.756 2.730 2.143 
Tb 
Dy 5.202 4.974 5.897 4.510 4.510 4.075 8.093 7.384 6.651 8.063 7.109 6.277 8.657 4.095 
5.031 3.695 
Ho 
Er 3.709 3.128 3.915 3.355 2.329 2.441 6.190 4.638 5.541 5.344 5.065 4.632 5.816 
3.174 3.502 3.127 
Yb 3.458 2.736 3.618 2.649 2.648 2.531 6.521 6.332 5.519 6.432 4.859 4.438 5.745 3.322 
3.667 3.004 
Lu 
V 35.808 36.507 36.363 34.466 27.979 29.197 50.753 51.165 49.193 46.448 50.171 49.695 48.496 25.668 
36.344 23.622 
Zr 129.534 137.633 132.169 118.410 108.661 110.427 133.093 135.952 132.205 127.765 130.579 125.767 129.006 87.622 123.798 
83.466 
Nb 0.374 0.169 0.184 0.233 0.203 0.278 bdl 0.157 0.295 5.968 0.247 0.229 0.055 0.224 0.156 0.165 
Ti 1358.277 1372.279 1347.777 1317.792 1238.180 1267.128 1249.340 1296.817 1255.172 2676.656 1223.836 1217.647 1217.483 1322.507 1534.731 1219.165 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3d continued 
- LBM 90 LBM 90 LBMI3IY LBMI3IY 
Rb bdl bdl bdl 0.207 
Li 0.526 0.852 bdl 1.620 
Sr 0.586 1.559 1.457 0.255 
Be bdl 0.632 0.868 0.382 
La 0.024 0.124 0.770 0.082 
Cc 0.152 0.345 1.759 0.239 
Pr 
Nd 1.256 1.085 0.887 0.049 
Sm 1.102 1.025 0.137 0.217 
Eu 0.481 0.542 0.032 0.057 
Cd 2.541 2.216 0.470 0.228 
Tb 
Dy 3.221 4.434 0.341 0.025 
Ho 
Er 2.896 2.816 0.101 0.170 
Yb 3.293 1285 0.451 0.118 
Lu 
Y 25.594 28.792 37.775 0.091 
Zr 86.971 103.872 86.809 0.329 
Nb 0.150 0.367 0.325 0.094 
Ti 1291.474 1575,193 1124.605 106.309 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3e Trace element compositions of olivines in Matsoku xenoliths 
LBM 22 LBM 22 LBM 22 LBM 22 LBM 22' LOM 22 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32 LBM 32, LBM 90 LBM 90 LBM 90 LBMI3IY 
Rb 0.381 0.098 2.185 0.118 0.474 0.405 0.933 0.065 0.050 bdl bdl bdl 0.076 0.054 0.287 0.285 
Li 1.477 0.612 1.912 0.238 1.131 bdl 1.792 1.095 1.953 4.350 2.145 2.251 1.718 2.411 2.289 3.012 
Sr 1.204 0.309 0.070 0.175 0.295 0.473 0.303 0.037 0.157 1.731 0.249 0.104 0.126 0.117 0.044 bdl 
Ba 0.127 0,231 2.530 0.140 bdl bdl 1.308 bdl 0.061 0.293 bdl bdl 0.264 bdl 0.252 bdl 
La bdl 0.013 0.010 0.007 bdl 0.005 0.005 bdl bdl 0.068 0.022 bdl bdl bdl bdl 0.000 
Ce 0.006 0.007 0.028 0.020 0.031 0.030 0.023 0.023 0.036 bdl bdl bdl 0.034 0.031 bdl bdl 
Pr 
Nd 0.024 0,157 0.159 0,113 0.217 0.146 bdl 0.066 0.210 0.198 0.063 0.013 0.042 0.167 0.132 bdl 
Sm 0.046 0.056 0.079 bdl 0.025 0.016 0.076 bdl bdl 0.112 0.171 0.189 0.088 0.020 0.038 bdl 
Eu bdl bdl bdl bdl bdl bdl 0.007 bdl bdl 0.174 0.201 0.092 bdl bdl 0.190 
bdl 
Gd bdl bdl 0.022 bdl 0.162 0.071 bdl 0.046 0.149 0.498 0.147 0.086 bdl 0.215 
bdl 0.169 
Tb 
Dy 0.053 bdl 0.065 0.024 0.256 0.112 0.307 0,156 bdl bdl bdl bdl 0.100 bdl 
0.075 bdl 
Ho 
Er bdl bdl 0.024 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.328 0.004 
Yb 0.040 0.048 0.021 0.017 0.088 0.108 bdl bdl 0.007 bdl bdl bdl bdl bdl bdl 0.049 
Lu 
Y 0.130 0.076 0.023 0.146 0.060 0.110 bdl 0.033 0.120 0.564 bdl 0.003 0.069 0.081 0.110 0.017 
Zr 0.968 0.607 1.011 0.553 0.910 0.714 0.488 0.515 0.745 2.735 0.614 0.512 0.370 0.300 0.663 0.803 
Nb 0,102 0.089 0.202 0.111 0.092 0.072 0.194 0.218 0.224 0.174 0.252 0.234 0.112 0.167 0.045 0.354 
Ti 402.264 351.372 139.465 357.503 364.841 389.414 113.834 106.423 133.778 157.196 108.065 105.871 117.339 106.331 125.059 
193.434 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.3e continued 
LBMI3IY LBMI3IY LBMI3IY LBMI3IY LBMI3IY 
Rb bdl bdl 0.185 0.164 0.058 
Li 2.278 0.006 bdl WI 2.096 
Sr 0.067 0.056 0.051 3.306 0.088 
Be 0.424 0.153 bdl 0.263 bdl 
La 0.010 0.050 bdl 0.034 0.073 
Ce 0.062 0.047 bdl bdl 0.222 
Pr 
Nd bdl bdl bdl 0.073 0.158 
Sm 0.040 0.174 0.216 0.220 0.181 
Eu bdl 0.026 0.068 0.040 0.011 
Gd 0.088 0.090 0.248 0.018 0.141 
Tb 
Dy bdl bdl 0.002 0.186 0.023 
Ho 
Er 0.001 bdl 0.077 bdl 0.066 
Yb 0.034 0.003 0.098 0.115 0.035 
Lu 
Y 0.004 0.000 0.076 0.041 0.012 
Zr 0.431 0.558 0.377 2.028 0.399 
Nb 0.113 0.134 0.265 1.486 0.066 
Ti 104.462 110.191 110.387 525.105 116.135 
bdl = below detection limit 
blank spaces = not analysed for 
Table C.4 Trace element compositions of various phases in polmict peridotites (ppm) 
D83 01-3 LM I ON LM I 0P3 LM I PH5 JJG 513 OLI 
JJG 513 0P3 XM2 GT3 XM2 GT5 
core 	rim core 	rim core 	rim core 	rim 	core 	
rim core 	rim core 	rim core 	rim 
bdl Ml bdl bdl 0.335 0.957 789.750 768.668 0.061 
bdl bdl bdl 0.535 0.132 0.234 0.164 
Rb 
Li bdl 0.980 2,057 0.931 0.997 1.654 1.256 0.958 
bdl 2.729 bdl bdl bdl bdl bdl bdl 
bdl bdl 1.003 2.448 10.582 8.859 5.699 5.650 bdl 
0.155 1.426 0.456 3.667 2.328 0.402 6.807 
Sr 
Be 0.173 0.062 0.569 0.766 2.106 4.352 176.539 
163.359 bdl 0.415 0.056 bdl 0.512 0.477 bdl 
1.638 
La 0.007 0.018 0,715 0.016 0.521 1.087 0.458 0.105 
0.008 bdl 0.102 0.047 0.512 0.097 0.050 0.101 
Ce 0.143 0.242 1.310 0.027 1.434 2.397 0.805 
0.117 bdl bdl 0.111 0.020 0.893 0.617 0.429 
0.492 
Pr 
bdl bdl 0.813 0.108 0.573 1.303 0.476 0.068 bdl 
0.158 0.031 0.127 1.662 2,141 2.362 2.636 
Nd 
bdl bdl bdl 0.046 0,189 0.056 0.019 bdl bdl 
bdl 0.024 1.272 2.388 1.789 2.051 
Sm 0.256 
bdl 0.001 0.035 0.047 bdl bdl 0.116 0.096 0.067 
0.105 0.849 1.120 0.868 1.049 
Eu Ml bdl 
0.823 0,199 0.266 0.203 0.242 0.091 bdl bdl 0.054 
bdl bdl 1.799 4.008 3.106 2.518 
Gd 0,461 
Tb 
bdl bdl 0.089 bdl 0.086 bdl 0.001 bdl 0.229 
0.000 2.518 7.065 1.823 2.082 
Dy bdl 0.054 
Ho 
bdl 0.121 0.001 0.009 bdl 0.037 0.057 bdl 0.071 
bdl bdl 1.977 4.695 1.118 0.933 
Er bdl 
0.172 0.100 0.257 0.128 0.043 0.051 0.019 bdl bdl 
0.072 bdl 1.875 4.898 0.757 1.044 
Yb 0.747 
Lu 
bdl 0.118 0.025 0.061 0.017 0,026 0,032 bdl 0.140 




0.019 0.010 1.095 1.351 1.318 2.061 5.962 9.845 bdl 
Ml bdl bdl 80.457 194.574 113.426 126.204 
Nb bdl 0.507 0.322 0106 0.387 0.636 7.346 7.261 
0.336 0.257 bdl bdl 0.336 0.441 0,364 
0.440 
Ti 0.065 0.079 35.260 33.937 41.091 59.103 5508.902 5192.250 
104.875 103.136 350.624 212.507 632.861 3227.979 247.549 700.056 
bdl = below detection limit 
blank spaces = not analysed for 
